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SUMMARY

Future communication systems such as the Phase II DSCS will usc.

coherent phase-shift keyed (PSK) modulation with forward error control (FL(

coding :inld will bl transmitted at X-band frequencies. Since coherent IISK

s\stems using FE( are especially sensitive to signal spectral purity and .int.

sICtctr':I puritY is directly proportional to the transmission frequency, er\

carttul syste'm designs must be used in X-band transmission systems. These

s Vst L'I s will rcquirlt various frequency generation equipment such as atonit

st in, Li rtls lor long-term frequency accuracy, and various combinations of crystal

oscillators, frequency synthesizers and frequency multipliers which art nc.essary

to p)ro\ iCl flexible transmit and receive frequency assignments.

Th. ultimate objective of this effort is to provide guidance on spectral

purity requirements for the Phase II DSCS terminals and associated frequency

gencratioti equipnient.

In this report we ha ' limited ourselves to the following immediat,

oh L'ti\ es:

* Evaluate expected phase noise performance of various combinations

of existing modulation and terminal subsystems operating in the

Phase II DSCS.

* Use this insight to generate methods for specification of allowable

phase noise as a function of desired system performance.

To reach these objectives it has been necessary to evaluate effects of

pha be noise upon (partially) coherent PSK demodulation performance and tht.rekb

gain insight into the dynamics of system performance. It is known that demodula-

tion of coherent 1SK signals requires knowledge of the phase of the original

(unmodulated) carrier waveform. Estimates of carrier phase may be derived

from the received signal by the well known techniques of phase-locked loop

(l'l..i theory. Here it is shown that optimum demodulation performance (i. e.,

s-1
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minimum bit error rate (BER)) in the presence of phase noise and thermal noise

is obtained by optimizing the bandwidth of the carrier tracking PLL. Using this

technique, optimum demodulation performance for BPSK and QPSK systems is

derived for terminals conforming to phase noise specifications designated "modi-

fied IT-M'" which is a modified version of an early DSCS HT-MT earth termi-

nal incidental FM specification (SCA-2080A; see also Figure 4-1 which appears

at the end of this summary). Results obtained also include the effects of rate

1 2, constraint length 7, convolutional encoding with 3 bit, soft decision Viterbi

(lecoding. * Two other phase noise curves have also been synthesized, designated

I cesium II"" and crystal I** (Figure 4-5), which are now considered to be real-

istic estimates of phase noise expected for terminal of the Phase II DSCS. Using

these three types of terminal phase noise sources and convolutional encoding;

an allowable interal of signaling rates are determined for BPSK and QPSK

modulation systems when demodulation losses due to imperfect carrier tracking

are limited to 0.2 dB. Results are summarized in Table S-1 (found at end of

sum mary).

Subsystem Performance Evaluations

1. Using the "modified HT-MT" phase noise specification, Table S-I

shows that inadequate phase noise performance leads to both mini-

mum and maximum signal rates even with the use of optimized

phase estimators when using convolutional encoding and Viterbi de-

coding. However, with the most recent estimates of phase noise

spectral densities (cesium II and crystal II) expected for the Phase

II DSCS terminals, the upper bound on signaling rate is far greater

than the data rates of interest.

*See note 1.
"*A roman numeral I1 has been used here to help differentiate current data

from that which appeared in a prior memorandum.

S-2
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System performance has also been determined for three modems

being designed for the Phase II DSCS using frequency converters

conforming to the modified version of the incidental FM noise speci-

fication SCA-20S0A (Figure 4-1), and the synthesized phase noise

data of Section 4 (Figure 4-71.

2. Expected performance of the Radiation, Inc. BPSK modem (.MID

921G is summariLed in Table S-2.

3. Results for the Raytheon, Inc. TDMA are summarized in Tables

S-3(a) and (b) when the modem is operated with a 100 Hz one-sided

PLL noise bandwidth and an optimized bandwidth, respectively.

I)ramatic improvements in system performance are noted here for

a small increase in system complexity caused by the use of a vari-

able bandwidth PLL.

4. Results for the Magnavox Research Laboratory, Inc. AN/USC-2,

spread-spectrum modem are presented in detail in. M In the cited

reference it is shown that the most critical performance require-

ments on carrier phase estimation performance occurred at the

lowest information rates, where the phase noise of an improved AN

ASC-1S terminal would be similar to that of the synthesized phase

noise (cesium II of Figure 4-7) expected for the HT-MT (AN, MSC-60i

and the upgraded MSC-46 terminals. Therefore, at low data rates,

demodulation performance for the USC-28 operating with the above

DSCS terminals will bc similar to that given in i l l when this modem

is operated with the improved AN, ASC-18 terminal. At high frequency

offsets from the carrier frequency, the synthesized phase noise curve

(cesium II of Figure 4-7) will be better than that of the improved AN

ASC-Is, therefore at high data rates performance of the USC-2S with

the HT-MT or upgraded MSC-46 will be better than that shown in.

S-3



Phase Noise Specification

A method of generating specification on oscillator phase noise has been

devised based on phase noise power in a band specification. Analysis reveals

that the shape of the oscillator phase noise spectral density is of secondary

importance to the area under the phase noise spectral density curve in the

region between the tracking filter 3-dB bandwidth (i.e., for a PLL this quantit'

is f ) and the 3-dB bandwidth of the demodulator filter (for a matched filter
n

2:' this occurs at V'2 the PSK symbol rate).

The design specifications on phase noise power in frequency bands as a

function of demodulation losses for systems with rate 1/2, constraint length 7,

convolutional encoding and 3 bit soft decision Viterbi decoding are summarized

in Tables S-4, S-5 and Figure S-1.

Based on this method results are presented in Tables S-6 and S-7 which

are the desired Phase II DSCS terminal phase noise specifications for the AN

MSC-60(HT) "Follow-on" and the AN/ MSC-46 "Upgrade," respectively.

Finally, it should be pointed out that recent computer simulations on the

performance of rate 1/2, constraint length 7, convolutional encoding with 3 bit

soft decision Viterbi decoding performed at CSC indicates that the theoretical

loss versus phase error variance functional derived in 12) and used in this

report, may not be as severe as indicated. However, all of the phase noise

specifications derived here are not unreasonable since they can be satisfied

with state of the art techniques.
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Table, S-6. Proposed Specification on Spectral Purity
for the Follow-on AN/MSC -60 (H-T)

1. 0 SIeC-tral Purity

The- total spurious content added to any transmitted or rceived carrier,

including phase noise and discrete spurious signals, shall not exceed con-

(itioDn- specified in the following paragraphs.

I. Spectral Purity for BPSK-QlPSK

a.Total spurious content from both sides of the carrier at least 25 d13

below the carrier level when measured in a band 0. 6 HL to 75 Rz

from the carrier frequency.

b. Total spurious content from both sides of the carrier at least 37.5

dB below the carrier level when measured in the following fre-

quencvN bands:

(b- 11 5 Hz to 16 kllz from the carrier frequency

(b-2) 20 Hz to 76 kHz from the carrier frequency

(b- 3 2 00 Hz to 0. 6 M Hz f rom the carrie r f requency

(b-4) 1.7 kHz to 5MWL from the carrier frequency

(b-5) 7 k~iit to 20 NIHz from the carrier frequency

1.2 Spectral Purity for VDM FMI

Total spurious content from both sides of the carrier measured in any

3 klz bandwidth shall be below the carrier level as follows:

a. 57 dB3 minimum from 1-2 k~lt to'- 20 k~lt

b. 621 dB minimum from 20 kiiit to 30 kilt

C. 65 dB minimum from 30 kHz to 300 k~lz

1. 3 Slwctral Purit) for lBurst Coherent TIA

Totatl spurious content from both sides of the carrier shall be at least

37. 5d13 below the carrier level when measured in a band 23 11z 40 MHz

from the carrier frequency.
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Table S-7. Proposed Specification* on Spectral Purity
for the AN/MSC-46 "Upgrade" Terminal

1. 0 Spectral Purity

The total spurious content added to any transmitted or received carrier,

including phase noise and discrete spurious signals, shall not exceed condi-

tions specified in the following paragraphs.

1.0 Spectral Purity for B3PSK-QPSK

a. Total spurious content from both sides of the carrier at least 37

dB below the carrier level when measured in the following fre-

quency bands:

(a-) 0.6 Hz to 75 Hz from the carrier frequency

(a-2) 1.8 Hz to 200 Hz from the carrier frequency

b. Total spurious content from both sides of the carrier at least 37. 5

dB below the carrier level when measured in the following fre-

quency bands:

(b-I) 5 Hz to 16 kHz from the carrier frequency

(b-2) 20 Hz to 76 kHz from the carrier frequency

(b-3) 200 Hz to 0.6 MIHz from the carrier frequency

(b-4) 1.7 kHz to 5 MHz from the carrier frequency

(b-5) 7 kllz to 20 MHz from the carrier frequency

1.2 Spectral Purity for FDM FM

Total spurious content from both sides of the carrier measured in an.\

3 kllz bandwidth shall be below the carrier level as follows:

S-13
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Table S-7. Proposed Specification* on Spectral Purity
for the AN/MSC-46 "Upgrade" Terminal (Cont'd)

a. 57 dB minimum from 12 kHz to 20 kHz

b. 62 dB minimum from 20 kHz to 30 kHz

c. 65 dB minimum from 30 kHL to 300 kHz

1.3 Sp citril tPurity for Burst Coherent TDMA

Total spurious content from both sides of the carrier shall be at least

37.5 dB below the carrier level when measured in a band 23 Hz - 40 MHz

from the carrier frequency.

*Specifications do not include effects of reference standard. Also assumes that
terminal phase noise is dominated by " reference at frequencies below 200 Hz.
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SECTION 1 - INTRODUCTION

The need for specifications on phase noise arise because all information

conveyed in a coherent PSK signal resides in phase changes added to an unmodu-

lktcd phast reference (carrier phase reference). The phase reference is,

,l a, ays imperfect even at the transmitter since it always contains no s.

perturbation 3,41 characterized as phase noise for high frequency perturit-

tions and long-term drifts for low frequency perturbations. Because the rec,,.x r

has no i priori knowlcdge of these phase perturbations in time, the recei\cr

has to di;Itinguish between the PSK modulation and the phase noise. Our

p'rohlri at the receiver then becomes one of estimating carrier phase perturb:i-

tions in the presence of PSK modulation and additive white Gaussian nois,
AGN i5, 6]1

A perfect reference is, by definition, physically unrealizable. Non-

realizability occurs because the parameters which characterize the reference

arc not truly constant with time but have random noise perturbations super-

imposed. Optimum performance in PSK systems demands that we estimate

phase noise fluctuations of the reference phase so that their effects can be

minimized. Since all information is contained in the PSK signal phase, amplitude

noise effects are only of significance when passed through devices which cause

amplitude noise to be converted to phase noise.

Estimation accuracy may be characterized in the mean square error (,MSI)
2

sense b% the total phase estimation error variance o The total error \ari:ncc

is the sum of two terms: (1) a phase error variance due to the effects of thermal
2 2

noise Oth, and (2) a phase error variance O due to the inability of the carrier
-h pn

phase estimator to completely estimate the entire phase noise process on the

received signal.
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It is known that the phase error variance due to thermal noise is directly

proportional to the noise bandwidth of the reference phase estimator. Hre

we show that the error variance due to phase noise is inversely proportational

to %arious functions of the phase estimator noise bandwidth. (These inverse

functions arc directly related to the phase noise spectrum present on the

rcftrence signal.) Thus, a set of opposing constraints is given for minimizing

phasc error variance resulting in an optimum phase estimator noise bandwidth

o ptimum in the sense that it provides the minimum mean square error CMMSL ,,.

In this report considerable effort is directed towards derivation of this

optimun bandwidth, and thus the MMSE for systems using second order PLLs

of the, power variety (squaring, quadrupling, etc. ) or decision-directed feed-

back type, or pure second order PLLs when an auxiliary unmodulated carrier

sinusoid is utilized. Since the order of an optimal linear phase estimator is a

function of the order of the oscillator phase noise spectral density, higher order

IlLs (i. e. , 3rd or 4th) may be desirable in certain instances, however, the

S analysis could easily be extended with some additional algebraic complexity.

In the preceding we have focused attention on the fidelity of the carrier
2

ph.ase estimator as expressed by its total phase error variance (t and we have
tot

only hinted that this parameter is directly related to a demodulation performance

in a coherent PSK system. In the literature several analyses are available,12 , 7.

which show demodulation loss from ideal performance in a coherent PSK systen

whern using a noisy phase reference. These analyses account only for thermal

noise corruption of the carrier phase estimator. Here the loss functionals

derived in these references are extended to include the additional degradations

caused by incomplete estimation of the phase noise process on the received

signal.

Vurtherniore, future communication systems (e. g., Phase 11 DSCS)

will be, increasingly sensitive to errors in carrier phase estimation due to the

use of forward error control coding (FEC). Because of the increased sensiti'ity
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of Pl'K systems with FEC, it is of utmost importance to. (1) Obtain estimates

of all phase noise added to any coherent PSK transmission system, (2) Calculate

the exact performance (expressed in the sense of mean square error (MSE) by
2

the phase estimation error variance o ) of various carrier phase estimation

techniques in the presence of thermal noise (AWGN) and phase noise, (3) Apply

th, phasc estimation error variance to various decoding loss functiont [2 ' 7 ' ]

and thereby obtain demodulation loss curves, and finally (4) Derive specifica-

tions on adequate phase noise performance for transmission and receive facilities

(of the Phase 11 I)S(5).

The use of FEC is suppressed carrier systems allows signaling at

extremely low energy per bit to noise density ratios, thus carrier phase

estimates must have additional signal processing gain to provide immunity

against a relatively large amount of AWGN. This leads to requirements for

extremely small bandwidths for carrier phase estimation and therefore

places additional restrictions on the allowable level of phase noise.

The problem of estimating coherent PSK system performance in the

presence of thermal noise and phase noise may be formulated more precisely

by the following mathematical representation. A typical receiver signal in a

suppressed carrier coherent PSK modulation system is:

r~t) =V(t) + n(t)

where

k(t) = V ((t)I sin 2 o , 60(t) d 4.
and

n(t) an additive while gaussian noise (AWGN)

V = the nominal amplitude
0

Yo = the nominal frequency
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m = the maximum number of phase positions (e.g., m = 4 QPSK,

k = 0,1,, ,rm-1 determines the modulation angle in the interval [t, t -T]

= an arbitrary but fixed phase offset

E(t) = an amplitude noise fluctuation

the phase noise fluctuation including all amplitude fluctuations

which have been passed through AM to PM conversion devices.

Assuming that t << 1, amplitude fluctuations can be ignored. Since
V0

t)( Constant angle tb is either known or can be estimated, its effects may be
A

ignored. If the estimate of the phase noise term 80(t) can be made accurately
A

i. e.h, j8t(t) - 0(t)j<<SO(t)}, then the effects of phase noise can be minimized.
A

f course carrier phase estimates 8 (t) will be less than perfect since they

must be made in the presence of AWGN and, in the case of suppressed carrier

svstem, simultaneously in the presence of phase modulation. Errors in carrier

phase estimates which are induced by AWGN can be minimized by using an esti-

mawr with long averaging time (small bandwidth). However, if the phase

fluctuations 86(t) contain high frequency spectral components with high enerp-

content, a phase estimator with short averaging time (large bandwidth) is re-

quired leading to a conflicting set of constraints and an optimum nveraging

time (bandwidth) for optimum performance.
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SECTION 2 - SYSTEM DEFINITIONS, PHASE NOISE TERMINOLOGY
AND THE IMPACT OF ANY COLOR PHASE NOISE ON PARTIALLY

COHERENT PSK SYSTEM

2.1 SYSTEM DEFINITIONS

in a complex satellite communication system such as the DSCS which uses

* convolutional (rate 1 2) and differential encoding together with M-ary (M - 2, 4)

PSK modulation, a common source of confusion is the terminology used by

different people to describe the same phenomenon. One designer's bits be-

comL another designer's symbols especially for people concerned with coding

and modulation. Because the arguments for naming these items are extremely

convincing, depending upon the designer's area of expertise, the approach used

here will be to define symbols via a system diagram and let the reader change

the names to suit his requirements.

Figure 2-1 depicts the gencral system diagram. Since the main item of

interest here is the modulation-demodulation system, the term modulation bits

at rate R is used to describe the input transition rate to the M-ary modulator
mb

which then produces modulation symbols at rate R . Henceforth, unless other-
ms

wise stated, all references to symbols or symbol rate refer to modulation

symbols and all references to bits refer to modulation bits as described above.

2.2 PHASE NOISE TERMINOLOGY

Another source of confusion may arise from the specification of oscillator

phase noise spectral density. In this memorandum the definition which has been

used is a I-sided spectrum at low pass (at baseband) as defined by the symbol

S 0 (f) and in Figure 2-2(a). Other possible representations of phase noise spec-

tral density are given by Figures 2-2(b, c, d). Many hardware developers choose

to display phase noise spectral density by plotting only the upper sideband of

Figure 2-2(d). The ordinate is then referred to as single-side band noise to

carrier ratio and sometimes denoted as £(f). No problems arise as long as it

is clear which spectral density representation is being used. 131, 14)
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Figure' 2-2. Phase Noise Density; Definitions Adopted in This Report
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2.3 GENERAL IMPACT OF ANY COLOR PHASE NOISE ON PARTIALLY
COHERENT PSK SYSTEMS

The introduction of this report has indicated that a demodulation perfor-

mance tradeoff exists between a design which efficiently tracks out phase noise

I - perturbations present on the transmitted P51K signal and a design that excludes

as much thermal noise as possible. A common misunderstanding in the design

and description of coherent PSK communications is that the effects of a white

oscillator phase noise process on the transmitted signal may somehow be

treated as an equivalent additive thermal noise at the receiver front end. The

distinction between these two phenomena may be seen from the following

arguments. Phase noise results from multiplicative processes which cause a

pure rotation of the phase reference relative to the PSK decision region struc-

ture. Since a rotation affects decisions on any transmitted PSK symbol in

precisely the same manner, i. e. , independent of the symbol phase, it is

possible by estimating the angle of rotation of the phase reference to compen-

sate for phase noise effects. The phase component caused by the additive,

thermal, noise affects the signal in a different manner. That is, a particular

thermal noise waveform will cause a phase rotation the magnitude and direction

of which is dependent upon the received PSK symbol phase. Therefore, phase

rotation of the reference caused by thermal noise cannot be removed in a way

that is independent of the receiver symbol sequence as in the case for carrier
phase noise.

Since the ultimate aim is to coherently detect the transmitted PSK modu-

lation angle (data symbols) with as few errors as possible, it is desirable to

maximize tracking of the carrier phase noise process (including the flat (white)'

portion of the spectrum) simultaneously excluding as much additive thermalI noise as possible.

*0f course if the entire oscillator phase noise spectrum is flat (white) and
high level, the discussion of coherent system is absurd.
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it is shown in Section 3 and in 16) that the demodulation process usually

involves a matched filter or integrate-and-dump filter which suppresses the

effects of errors in the carrier phase reference at frequencies beyond one-half

of the PSK symbol rate. Thus, the most desirable carrier phase tracking

system should track as much of the phase noise process (including the flat

portion of the phase noise spectral density) as possible, within a bandwidth

equal to one-half of the symbol rate, simultaneously excluding as much additlv,

thermal noise as possible.

It is tacitly assumed that when designing a coherent PSK system the design

is ultimately limited by thermal noise effects on the phase reference rather than

by phase noise. That is, by increasing the carrier tracking system bandwidth,

in an attempt to track all the desired carrier phase information, additional

additive thermal noise enters the system degrading the coherence of the carrier

phase reference and ultimately increasing the total demodulation loss. Thus,

a trade-off in carrier tracking bandwidth may be established which minimizes

the total demodulation loss due to the untracked portion of carrier phase noise

and that due to thermal noise corruption of the carrier phase reference. The

preceding results are derived analytically in Section 3.
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SECTION 3 - EFFECTS OF ADDITIVE GAUSSIAN NOISE
AND PHASE NOISE UPON COHERENT PSK DEMODULATION

3.1 ANALYTICAL STUDIES AND TRADEOFF ANALYSES

Multiplicative noise on the received signal and its residual effects upon

(partially) Coherent PSK signal demodulation are investigated in this section. The

multiplicative noise or phase noise originates from frequency converters (mix-

ers) in which the signal is multiplied with another signal containing either phase

noise or additive noise which causes phase noise as the signals are multiplied.

Another source is AMIPM conversion that is produced by certain system com-

ponents, e.g., TWTs. The phase noise process generally includes both random

and deterministic components (spurious signals).

The statistical information about phase noise is generally limited to the

second order statistics, i.e., the phase noise process is specified by its power

spectral density. By using 6-function formalism one can also include the

spurious components in the density spectrum. Based on physical characteristics

of signal oscillators [3) the power spectral density S6 0 (f) of the phase

noise process o(t) is of the form

h Ih 2h3
S (f)Y h " - - - -- ; continuous spectrum

60 0 f f2

N 2
E 6(f - f k  discrete spectrum

k-1 2

Here S6 0 (f)isdefined as the one-sided (f > 0 spectrum that would be obtained if

the oscillator output signal was coherently demodulated (translated to baseband

by a perfect reference signal. The first four terms containing values of jhk.

specify the continuous spectrum, while the {Ak2 '21 are the powers of spurious

signals relative to the total signal power at the offset frequencies fk
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However, in many cases the output signal from an oscillator is filtered to re-

duce the phase noise power thereby modifying the spectral representation.

We are not directly interested in the phase noise sources but rather

the resulting phase noise (multiplicative noise) present in the received sig-

nal influencing the PSK symbol demodulation. In general, the phase noise

process of the received signal will have a power spectral density with spectral

components given in Equation (3-1). Therefore, the spectral density S 6 0 (f of th.

phase noise process o(t i at the receiver input lends itself to the determination of

the influence or degradation of the PSK demodulation performance since from it

the phase error variance at the point of the symbol decision can be obtained.

With this variance at hand we can determine the equivalent power loss caused by

th, phase noise in accordance with 121, 161-181.

First, assume that PSK demodulation is performed with a carrier refer-

ence '%hich is not corrupted by thermal noise but does not contain information

about the phase noise process on the received PSK signal. In this case the
2

phase noise variance o' due to phase noise at the symbol decision point is given
pn

by

I.N 2 0 S M M (f) 1 2  df(3-21
pn 0S6o()l d

hre Mif) is the frequency transfer function of the PSK demodulator (usuallY a

matched filteri. Equation t3-2 is an approximation that is valid when the am-

plitude of the phase noise process o(t) is small. A few simple relationships

show how Equation (3-2k is derived. For an arbitrary phase angle @ we have

* ti i8 i0(t)

eife Ow l e • e

i8
- e i .1 io(t -

provided 0(t) << 1. With the impulse responses m(t) of the filter M(f) being

normalized so that f ne(t dt 1, i.e., M(O) - 1, the output of the detection filter
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" m(t - r) e 0(Tfl dr

e 1 I i f Me(t- T) 0(T) dr I

- exp{i • f m(t - T) 0 (T) dT] (3-4,

sinc oti < < 1 also implies that f m(t - ) o(7- d'r < 1. This shows that the,

demodulation filter acts as a linear filter on the phase process O0t), provided

the amplitude of Oit) is small.

A common receiver implementation uses an integrate and dump circuit as

a detection filter. The integration operation

T
s

1" f  ' dt -5
s 0

over the modulation symbol period T corresponds to the filter characteristic
s

sin YrfT i wfT
M(fI IT f T e s (3-6

With this detection filter Equation (3-2) takes the form

) CD /sin T fT \2

0 pn O 60 (f 1f Ts) df (3-7

An attempt to evaluate this integral with S6 0(f)according to Equation )2-1 will

yield an unbounded variance o' unless h h, - h 0. Since at least one of
pn 1 2

these parameters will not vanish in a real system application, a system using a

carrier reference which does not contain information about the phase noise pro-

cess on the received PSK sigrl is impossible. It is obvious, however, that

noise would have no effect if the carrier reference signal tracked the phase

noise perfectly to remove its influence.

A phase-locked loop implementation of the carrier reference signal will

track slow changes in the received carrier phase and will therefore at least

3-3
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partially track the phase noise process. Increased tracking ability is obtained

by increasing the phase-locked loop bandwidth. However, this will make the

ph:ise estimate more noisy due to less filtering of the additive channel noise.

Therefore, a trade-off between phase noise tracking and filtering of additive

chnnnel noise is required to determine the optimum phase-locked loop bandwidth

th:it will 'ield minimum performance degradation in the PSK demodulation pro-

ress. To perform this trade-off analysis we have to consider the particular

frequency characteristic of the phase-locked loop as well as its resulting noise

ban(tk d th, B

Now given the closed-loop phase-locked loop transfer function H(f), the

spectral densities at various points of the phase-locked loop and demodulator

circuits can be determined (see Figure 3-1). The spectrum associated with the

input phase noise process at various points is obtained by multiplyingS 0() (I

the absolute square of the frequency transfer function to the specific point of

*, interest. In particular, the phase noise spectrum at the input to the symbol de-

modulator filter is given by

S6 0(f) 1 - H(fi 2 (3-S

The additive Gaussian noise wll also cause phase noise via the phase-locked

loop. Its spectrum at the demodulator filter input is [3

N
0 H (i 2 (f >  

0) -qE R

s s

where E R equals the received carrier power. Thus at the mixer output befores s

the demodulation filter we have the total phase noise density

S 6 (fi- H(f) j -2--- H(fl 1 -2"E R {~ l(Rl,

s S

This implies that the total phase noise variance at the output of the demodulator
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partially track the phase noise process. Increased tracking ability is obtained

by increasing the phase-locked loop bandwidth. However, this will make the

phase estimate more noisy due to less filtering of the additive channel noise.

Therefore, a trade-off between phase noise tracking and filtering of additive

channel noise is required to determine the optimum phase-locked loop bandwidth

th:t will yield minimum performance degradation in the PSK demodulation pro-

cess. To perform this trade-off analysis we have to consider the particular

frequency characteristic of the phase-locked loop as well as its resulting noise

bandwvidth, B

Now given the closed-loop phase-locked loop transfer function H(f), the

spectral densities at various points of the phase-locked loop and demodulator

circuits can be determined (see Figure 3-1). The spectrum associated with the

input phase noise process at various points is obtained by multiplyingS (1) uy
6o

the absolute square of the frequency transfer function to the specific point of

interest. In particular, the phase noise spectrum at the input to the symbol d, -

modulator filter is given by

S6 0(f) 1 - H (f)1 2 (3-0

The additive Gaussian noise wll also cause phase noise via the phase-locked

loop. Its spectrum at the demodulator filter input is[3 1

N
o *ER' Hif i (f >O) (3-91

s s

where E R equals the received carrier power. Thus at the mixer output befores s

the demodulation filter we have the total phase noise density

2 No 2S60(f) 1- H(f) I H(r) (3-10

This implies that the total phase noise variance at the output of the demodulator
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filter, an integrate and dump filter, is given by

2 2 2 (3-]0ap
tot pn th

11h. re

9 /sinIfT\

a- f -fI Hf) Sf df (3-1Ob
n ~ 6 Qli L I\fT /

S0 t (f) H .f . .df. .land

... 
s ¢:[/invfT s\

2 o 
2

th f E R (f) T f Ts  (3- 10c,
0 s S

Figure 3-2 shows the general characteristics of I H(f) 2 and 1 - H(f) 2and

indicates that the effect of S6s(f) is reduced for low frequencies since 11 - H(f 12

approaches zero for decreasing frequencies. In other words, the phase-locked

loop partially tracks the low frequency components of the phase noise process.
2,The more the low frequency region is suppressed by 1 1 - H(f) , the less the

phase noise variance 2 resulting from the phase noise process 0 (t). On the
pn 2

other hand, this increase will make the variance a thlarger since the area under
t 1(f2 will be larger. Therefore, to minimize the total variancea tot'

closed-loop filter characteristic H(f) should be judiciously chosen.

In general, S6 0(f)will contain the f-3 component i. e., h3 > 0 in Equation2 'f3 .
R:i- I that suggests that I - H(f1 should approach at least as fast as f . This

requires a second- or higher-order phase-locked loop implementation. Con-

sidering that we know only that the phase noise spectrum S6 ,(f) is dominated by a

spectrum of the form in Equation (3-1), a good system solution is given by a

filter that makes i - H~f) 2 maximally flat at f = 0; "Butterworth filter.

A second-order maximally flat PLL filter defines

2 f34
1 H (f) 4 4

f .f
n

3-6
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Figure 3-2. Frequency Characteristics of a Second-Order
Phase-Locked Loop with Damping Factor 0.707
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which is consistent with the characteristic

f i. 2 f f
n n

H(f) f2  i.i2 f2  3-12,
n

* imaking

2 2f22 f2n (f2n . 2 f2

H H(f)," 3-13,
4 t f4

n

Here fn is called the corner frequency of the loop and Equation (3-12) represents

a second-order loop. Higher-order PLLs may also be considered, i.e.,
1 - H(f) 2 = f2k(f 2k + f2k). Such loops are sometitmes plagued by stability

problems and since a second-order loop can handle f phase noise it represents

a good system choice. Equations (3-11) and (3-12) are plotted in Figure (3-2i.

The loop bandwidth B is directly proprtional to the corner frequency f nQn

It is defined as the equivalent noise bandwidth of H(f), that is,

B - f H(f) 2df
0

I - 2\- f
f f d (v f-
n 4

f . - f 3.33
n 4 n333-14

Since f is directly proportional to the loop bandwidth B, the transfer
n

function 11(fi is indirectly specified by B so the task of minimizing the total
2

phase noise variance a tot reduces to one of finding the optimum loop band\\ idth

B .

Up to this point, no consideration has been given to the fact that the phase-

locked loop must be implemented to operate on a modulated signal (except for
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:iu\iliarv carrier systems). For power loops, Equation (3-10b) is unaffected but

Equation (3-i0c should be multiplied by7 (p, the degradation factor associated

with powr loops. Similarly, in the decision feedback implementation case,

Equ:ntion 3-10cli is modified by the multiplier 17 for decision-feedback loop.89 9

In anv case, optimization of loop bandwidth requires minimization of the

total p;mis noise \ariance at the decision point. Total phase noise variance at

thc dcCision point maY be written as:

- 2 hA A A 2t A (3-151

tot E RAAnT4- n 2n
o o j 0 -d Ess L

\\he re:
k.. i 4 .

A. . .s df (3-16,
j f 4+f 4  T f T/TI

and J 0, 1, 2,3. 1

Evaluation of integrals A. is simplified by letting a Ir f T and % f f
n s n

giving:

cc %I 4-j sin . v

f4-j n j 0 -v4 N dv 0-l

Integrals I (k 4-j) have been evaluated in Appendix A taking into account

that the greatest interest is for small a-values. Results are tabulated belo.

l- A f 1 2-
O n 4 2[ 2 7

A I 0.24 1.0. .

fn A ,, 1 . [1 -_ 2 • . .

n 2 3~

"See also Appendix A.
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f A 0. S2 O8+~
n 3 1

fA IT/
n 4 0 - 4 3 .,

For small- values substitution of Equations 3-1. Ii into i3-15 gi j.s t h(.

tot li pha se noise N :iri in(' e at the symbol decision point

2 n 0- -,12 __h,
o ota h q.- h1t((. 24 1 r-h 4-h o

to -214f 32
n

NT
(3-19

r n 4

!s

S S

• B

' ~~ ~ Snet. fr-2and TT If T TT f R -e may rewrite'
,, ' n -I n s n s 3S _

Equation 13-191I as

11 - hl 0.3 t
101 11 2 B

N B
h.,h 0 TI

;h. 0  jh 3 .22 _ R 13- 2,
B s s

Thc op imum hand\idth B that minimizes the total variance - c 2 n lo

lound trim this cxprcssin. vottnng (the derivative of &-tot with respect t,, P

equA! t , zer,, the optimum value f

"E R
B - 1 + - h

to 3 1 N r7 3-21,

3 reprc-ent, the ptimum bandwidth, where

G ( N ;- - 4 t 7 .. .....

3- 1 0



if real and

24 11 cos arccos ( )-22W

I U). Hetc

2 4- "+ 2 12-24,

with

ER
h s3 - 2 5

* ERI

, 2 N .2 6

E sRh h 9. 22 43" s 3-271
S 3 N or

Generally, the wptimum bandwidth solution is approximated by

p- [ 3 "t h,- .... -- € -2 Z

f,r the ,rv I w symbol rate f R By increasing symbol rates the opjt LItII

solution of Equation 3-21 is closely approxi mated b\

40 2 1

that finall\ will appr aeh

B =h 03-:lO
3- 11
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This general trend implies that sYstems operating at high digital rates will not bc

plagued bYf phase noise because it is effectivelY tracked out by the rphai,--

locked loop. Having determined] the optimum loop bandwidth, one can calculate

the resulting total phase noise variance according t'P Equation (3-20).

Nefort, applyving t Iiis opt inmizat ion technique to a a ilable phase noisedi

it is of greni value to present the method hY %%hi ch the opt imumn choice o)f III

loop hand width d iStI but es the total phase noise vatriance bet ween that due

4 phaise noise on the rLecei ved signal and the therm all v induced loop p)hase n''im

120 F this ptII'jp0S WC coflside'I :I asiminplified modelI of the total ph ase noise % ,i ince

given by

(-1 I L x (s

(sl S-

and

4yh+Lx (s 1)

and where x is proportional to the noise bandwidth of the loop (see Eqtljton 22 i

in other words, we are optimizing the bandwidth of a phase-locked loop in the(

p~resence of f- noise ithe S- term or the h 1~ A S term) and aid(Y i% t
(S-l1 x x

noise (the Lx terim. The value xof x that minimizes oy 2s the solution ot

.4

0(3 H +1
b xl s s'

3-1



or

"} h
6 -- -2 I1- 0 (S 1 .2-341

yeling

x s t-T- 1. 25
s

and

For s "1 the optimun solution distributes the total phase variance (at

the smhol decision pointi between the untracked portion of carrier phase noise

and thal due to thermal noise in the proportion (1 s) to (s-IA s giving the mini-

m'un tot:il variance

O' - - j- 'J { .s > 1) 13-37,s~ s II- s.q > 2-

For (s I the optimum solution is slightil more complicated due to the

\erv slow roll off in power for a I f type ph:ise noise density. The minimum

total phase noise variance is obtained usin, Equation (3-321.

I= h 1  4 I #X, I

:ind us.in Iqi]mtion 3-W) oixtes

it ~ R

L; h 41, xi -S! Ik-

F,r :m\ t'i'ii;d coherent PSK s\stem it is rc:ison1ahlh to isume that !he,

r:tio of mniil:ition symbol rate to PI h:indk idth (1? x i will be at least " 5s I

and is tvpieillk . > Io., Assuming R x - ,r (malentl\ (it 5Is* -

I1 thc olptinim handwidth \1 Hs there is no reason to design a "coherent PSK

sv, tm sinvc there would be no advant-i cs acerued over performance obtaInle
from a differentiaii v (cohe rent l~ksv stem whiceh would he much simpler to im-
plement.

3- 1 3



and using Equaition (3-3)) thu optimum solution distrilutes the total phase n,,is.

\:1ianc fletC I)WLel the Untracked portion of carri er )h:Ise noise and that (d (. 1, ther-

mat, fise in the proportion -y to 1-y) res)ectivety where (. 65<'Y< 1).

In Ilhu prucueding analvsis. the optimum tradhoff between colort. I ha.s

no h II i/f 1 and thermal noise has been determined. As discussed in

srt ion 2 of this report, the tradeoff between allowable white osCillator ih, .s

nois,, :ind additivt the rmal noise is perhaps the most misunderstood pri,-

Vus s. Ii is hoped that the following simple discussion will clarify any conctptu:il

III P IctIt\ .

Fquation f3-2), shows when the oscillator phase noise process is domintod

In white phase noise (i.e. ho >>> hi, i = 1, 2, 3) the total phase error variance

1 1 N B
2 --t 1 (c(F tot h) 2 E 1. C

s s

llt)w\er, thu first term on the left is an approximation of the filtered

hilte phase noise process which only holds when the PLL corner frequency f
n

is much less than the symbol rate R . When this condition does not hold EtLu:,-5

lini) (3--4i should he given as:

N B2 o 02

IH /2 > f5s n

s n

,and that Mi 12 - f ) is the 3(11B bandwidth of the composite phase noise fillc.r
• n

cnsi~t ing of the P IL filter and integrate-and-dump filter.

A very interesting result is obtained hy a simple rearrangement.

Nol ing that B " 3.33 f (second orde r I)LL. .0
c3 n

3-14I
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11 N h \
a- ) :7 IiT))o 3

I (A 0 , ( Eit

F'rom Eq u:ition (,1-42) it is seen that bv a judicious choice ol )a ra n(t.'r-<

It is poSSle' t' :cUSe teIt l)I ',tt(l ( antqw itv to he po*siti\4J, nl :Lii\e, (r /tcr,

Ohs indica jn thmi hy increasing the PLL b:indwidth B \vith a fixed s )lh, lQ

:t 11' , it is tossilil t () 'ause the cairrier referen ce total phase error \:i'lnt(c

it) int'.cr S , ds e crease, or renain tihe sanic, respe ctively.. ()I c( rt thiS ,)nlv

hls \hn 1f- 11 2 \which is a usual requirement for coherent PSK dmodu):,-

t ion.

If a set of para meters given art such that the bracket quantity is negatixe,

and the o)ti mu 01 PLL bmdwidth thus approaches the symbol rate (noise ax eraged

over only one symbol durationi it is obvious that coherent PSK demodulation holds

no id\ :intlage o\r differentially detected PSN sin(-, all of the noise of the pre-

vious bit interal: will :appear on the phase reference. Should this situation occur

it ouil d be %k i.se to switch to :) differentiall\v detected PSK modem and remove the

diffCrTntia] decoders normally used to resol\te the p)hase ambiguity problem in

coherent PSN systlms.

The prce'ding restults are sum m:ized in fble 3-1 which gives the rela-

tix phisc, noise distribution fr \gri' Us s -\;a lIUeS that occur. The results of this
-3

O)ptimization als,) inIlieat,, for examle)l, in the ease of dominating f pJhnast,

wisev, the loop tmani\\ idt1 shoildI b s st, lrge that only one-third of the tot:l

phase, noisc origin:ite.s from the (:iier pihast noise. In addition, even though

)nl\ ome phnse no ise eha ca te istic Was considered here (f I phase noise'

it is el.ear that fro)m a bandwidth opt)ti i at i on point of \view the important

u'o)nshidl';rli(tn is tht (hia raete risi i )f he phise noist ibout the corner f requenc\

f nof the loop) (see E(untion (3-19 i. From a purely analytieal point of view, it

can he' argu('d that the only thing,, that nmattcr to achieve the NINSF- is ite dif-

frential gain or loss of the total phase noise variance obtained by varying the

lopl bandwidth.
3{- 1.-
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2 N I TICA1,1), 1 U F T, I UA.'~, A 5 N )TIIEI -' ( t(

[ -tr'11 11W:1slirtI{ r)lfo1tm1:incc,& 1h:0 i va i :riolis filtering techniques used in r( :d

!~i~)l~tfl Ih [ot a.- illii -.uch \\cll havei~d phase. noise spectr~i. I.''

t (L 11 (il t'~is :lit' I\ :Iil :t hlk S11 ; 11101t 1Wi tA-CC(e l if n a, nalvs i s kk hL'n ncec--:mv.

t'ch tidm- i' hi ch i s cu Ir tn!I\ ai\ a ilald is a graphical solution toI the

ekiwit ionls of tilt prcedirl2, (,,t in it 1Wputer inlt'gralion) and the SeCond tch-

niqjut is ii st att' ar all solution to the phaise noise problem. '21The state

%:irimldtc solution ilso ;Ir(\ id-Olt'stt ,iiiilt for studying the effectsn of tinit

gated operat ion, reqjuired for TIYMl. systems. However, computer graphical

procedures are perhaps the most straightforward and can be accurate for Tljtt.\

systems over a specified ranige of parameters as discussed in Paragraph 'It4

-i this report.

In any event, the solutions derived in the preceding section pro\'idt, zr ti

insight into most. of' the systematic variations experienced. In the followta g

sections, any oIne of the preceding analytical tools is used depending uponkwhich is judgedl best for the pa',rtiCUlar application.

:N- 17
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SECTWN 4- OTIU PE'fli'OMANCL O1 IPSK ANIG QP-)sK
SIGNALING WITH \ITCE Ri ,1K7IJ(]]( IN ii

]PRESl:N'LI OF O)SCILLATOR )iPIiAS1. NtII dLNXLUI! 1)
FOR TEHNI INA LS ()F FTH i. SU S

.I (IINIIM P1IWORNANCLK RI."VI.TS WITH TI iRNIINAI.S (IJ Y;I NI ii
I i-NI' - M(01111-1) IhIASII NOISI SI-C(IFI(A] 1 'N

Sin ic the adv clt of pr~tt~i c ohtirent PSI\ mod u Ilat ion tteehn iut - for tlhe

I)S( Shs1Icc fl rtel atiVeL'I rcen'jt. thu' orlnl~~ mI phA. s noise( sp)c i fi eat ior- for

Olt IIi -M N Ul eatkr Mina!s of thk. I )SC. -i tIri\ve I from :vin incidieli I N

mojiul As stated itelow inl :1 Pirraph I roi- ,('A-2n-'A.

Ineidental T I ransmittted carrier and r'ck'i\ \L carriers after frequt nc.%

tran I at ion shall bu ;pec trally pu. s O thalt:

At f is not (creater than 2 It/ squared for values of f be'twe'n 1 Hlz

and 'o 11,:. For values of t' above 2'' I1/ , I~f shall not exceed '.1II.. to

the valuc of f where. the' single-sided phase, noise dlensit-y to s i--nal ratio

eiqu-d s -I '5 d11. The, -1(15 111) .;inll(e -SideLd phase noise density to siunal

ratio T-haI! not he eCeede d from I() kl.. to 1,_. 5 MIL' On either side. of

ca rrieUr .' f I)eCdk (IL'ViltiOyl Of the carrier f devi ation rate.

s ,inuz this mod~el the Ii'- NIT s inioit' sid lid phatse noise. £ f. was dencdel 131

-4
.ant I is4 shown1 in Figurc 4-i1. It is known, however, that the f phase noi -e mdi -

('it.J i in close to the carrier is un realistic givyen currentl mvaail able ose ill a:ors

alnd thi1t this t\Ypc c~ spctrdl shape is 11th' to the' as-sUlleLd validity of the. in, ,it.1t9
I NI tmpdcl. Fre'luunc. n ntes r r known to providle an f- densit.\ ckt

to tlle eairrnr aind are- ultimately limite-d liv the' effcts1 of either cmnstal or t'i

s4t~tn'ir. wl'lntI exhibit f phase noisec characteris-tics ext reminc CIO-.L 1 tilt

( 'r .. Iu~ thet IlLI - NI I spciietIonhs I)C1 tenMOdi et for the pu rpo.st S (it

tI at' ,,t)r.indn as,- shown byO th roken line eu1re Of VmL',Ure' -1 ,a1Wl I4 I111I1

i l), I ll ]A h lolltti .
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Based on this modified specification, the total phase noise variance Igiven

hY Fijuat ion (3-20) has b~een (determined using the' O0 1)ti mu bandwidth solution of

Illuation (3-21 ). Ihc variance has been calculated using both d,.c io i-fe.edlic k

And p)owerI 10o1p i mph)IL mentat ions for two and three times the Werininal hie

noise, accor(Iifl to the specification, since two terminals and One sate 1] ite ari

alasinol\cd. T1his,- calculation is used becau se rel iab~le phase noise' daita
alu tesaclicis not available. t'm eysec~adienp tc L o

ma:t ion pertaining to the sateli te phase noise is aVaIilAble', hut hr neg eet i n- thL

stlieinflue-nce and equating theL sate'l IitL' as one- terminal , the- inniuvne c of

the' satelliu- ca.n bc assessed. iFi-ures 41-2 throug-h -1-5 illustrate results for-

two and three terminals, power PLLs, decision-feedback loops,, and also for

both BPSIK (M = 2) and QPSN (MN 4 1operations. Demodulation losses- hae be en

plotte-d :is a function information b~it rate 11i for -- level soft decision 13 -bit ,

rAe 1 21, constraint leng-,th 7, Viterbi decoding4 followed by differenltial decodling

wkith ai resultant BL: 1 ()-

A loss cutoff of (1. -2 d13 has be en drawn in the' fig'ures to indicate allowaible

regions; of operation for the various configurations. The upward trend in thL.

loss curves -with high data rates are caused by the white phase noise floor shown

in Fiue4-1.

Fig-ureLs 4-2 through 4-5 show that when cairrier recovery is pro\VIckJ b

decision feedbacl, loops a, reduction in demodulation losses is obtained as cor-

anr(f I with res-ults" for p0l~o(r loop) i mplC ment ations. However. sicinifie ant

n ' ii ent is, only obtained w'i th Q lPSI withi negligijble improveme11nt note I with

I ii Ic S-1 contains a sunmnai-Y of po'rm iss ibc Io.-2 d P mxLxirum loss

rcab 1 mw two terminas and one equivalent satellite all1 coniforlmng to Owhe IF-

M i I uat ion phase noise specifications ( Figure 4 -1 1.
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Tables D-1 through D-s provide back-up data for the results shown in

Figures 4-1 through .1-5. However, the tabulated results are expresse(l as a

function of modulation bit rate R as compared to information bit rat., Rw

shown in the figures where the two parameters are related as:

Rib R Rmb .

in the tables the optimum bandwidth, total phase noise variance and it.
2

two components (thermally -induced loop phase noise 0" th and the untracked

portion of the composite oscillator phase ii i.-e spectrum 7 - ) are given a,pn

a function of the modulation bit rate.

Also tabulated are the demodulation losses that would be experienced

when using -Ievel soft decision (3-bit), rate 1 '2, constraint length K- 7.

Viterbi decoding followed by differential decoding based upon two different

approximations to the probability distribution of phase tracking error experi-

enced in a PLL. ' Results based on a Gaussian approximation are easily

calculated hut are onlY valid for small losses as shown in the tables while the

results using a Tikhonov approximation 2 - are valid when the losses are less

than 6 dB.

4. 2 OPTIMUM PERFORMANCE WITH REALISTIC TERM\NAL PHASE NOISE

4.2.1 Phase Noise ,nthesized Using Comtech Lab., Inc. L-Band Oscillator,
Fluke Frequency Synthesizer and Selected Atomic and Crystal Standards

Fig urc 4-(; shows the general structure for deriving a 7-Oo-MIL: si_-nal

from a 5-Mlli. standard and Fi-urc 4t-7 shows their corresponding single side-

band phase noise densities at 7,,00 Mlz.

"SUe AppndLx A.

*'It should be noted that for straight frequency multiplication, 10 lo, M id~I~

where M new frequency/old frequency is added to original specifications

when required.

.| -
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The Hewlett Packard HP 5061 A114 ] and the Oscilloquartz SA B540 [15 1

have been chosen as representative of state of the art portable cesium beam

standards and high quality crystal references, respectively.

As noted by Hewlett Packard, 60 second time constant operation' (see

Fi ure 4-5) requires a carefully controlled environment. Therefore, for field

operations the 1 second time constant operation seems practical. Since it is

expected that the optional (004) beam tube may be used in the Phase II I)SCS,

results obtained here will pertain only to the optional 004 beam tube with a 1

second time constant.

At this point in time it is not known whether the Oscilloquartz B54(;

crystal could meet its specified performance (Figure 4-7) under field conditions,

however, for the purpose of illustration it will be assumed that these conditions

can be satisfied with adequate margin.

A Fluke 6160 AjAO frequency synthesizer has been chosen as representa-

tive of high quality synthesizers and provides the required flexibility with res-

pect to frequency assignment. It is assumed that the standard drives the synthe-

sizer and only wideband phase locking (Z100 kHz) is involved within the synth,-

sizer. In accord with discussions between C'SC and a Fluke representative, and

as verified by Comtech, a three-pole filter with 3-dB corner frequency at 2oo

Htz exists within the synthesizer.

Single sideband phase noise data for the Fluke synthesizer has not been

shown directly in Figure 4-7. However, it is incorporated in the measured

data 1 (;] provided by measurements of a Comtech Lab. L-band oscillator driven

by a Fluke 6160A, AO synthesizer and the measured data is shown by the dotted

curve of Figure 4-7 designated here as Comtech (Wideband ,Modei. U(;] Using

I I ;j and Fluke data, the dotted curve below frequencies -100 ki,' is dominated

by synthesizer noise and above 100 kli/. is dominated by L-band oscillator noise.

*This time constant refers to the bandwidth at which the internal 5-Mltz crystal
is locked to the cesium beam tube.

4-11
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Measured data provided by Comtech Inc. is valid in the region 1 0tz -

10 Mlhz and since phase noise data is required beyond 10 Mtiz it has been
9

assumed that as a worst case a phase noise floor exists at -153 dB rad lz.

In summary, two synthesized phase noise curves (labelled "cesium 11"

and "crsystal I" in Figure 4-7) will be evaluated for generation of 7 (o MlIz

frequency up conversion or down conversion chains. The "cesium II" curve

corresponds to a frequenc "onversion chain driven by the liP 5u161 A with

optional iLq4 cesium beam and with 1 second time constant. The resultant

sinh, sideband phase noise is shown in Figure --7 and consists of three sec-

tion- with frequencies below 300 liz dominated by the atomic standard fre-

(Lueneies from 3(10 liz-i l MHz dominated by the synthesizer L-band oscillator

combination and above 10 MliI given hY the assumed phase noise floor.

The second phast noise curve idesignated "crystal II" in Figure 4-7,

corresponds tofrequency conversion driven by the Oscilloquartz SA B54(m

crystal as shown in Figure 4-G. The resultant single sideband "crystal II"

phase noise curvec consists of four sections with frequencies below 2 lz domi-

nated by the crystal standard, frequencies between 2 11z-300 Hz being a com-

posite of noise from Fluke 6160A AO synthesizer and crystal standard and

frequencies above 300 liz are as described for the "cesium I" curvc.

4.2.2 BPSK and QPSK System Performance Optimization With Svnthesi.:ed
Phase Noise Data

To our knowledge as of March 1974, single sideband phase noise curves

'cesium II" and "crystal II" generated in Paragraph 4.'2. 1 represent the most

current estimates of terminal phase noise at 7 ,00 MII,. which is expected for

the best terminals currently under consideration for operation in the Phase II

DSCS. Therefore an extensive set of data J'igures 4-S through .4-11 and Talecs

A roman numeral II has been used here to differentiate this most recent data
from that which appeared in a prior memorandum.
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D-9 through D-17 has been generated to indicate possible demodulation perform-

ance for the Phase II DSCS.

Figures 4-8 through 4-11 illustrate demodulation losses as a function of

information bit rate Rib at the optimum bandwidth for two and three times the

indicated phase noise ("cesium 11" or "crystal I., respectively.

As before it should be emphasized that the tabulated losses are a function
of modulation bit rate R while in the figures the losses are plotted as a func-

nib
tion of information bit rate R where R =R due to the rate 1 2 codin%

aii) ill mb, 2

procedure.

Results using "crystal II" phase noise are presented only for the case of

phase noise contributed by two terminals and one equivalent satellite since

these results indicate that adequate performance (< 0.2 dB loss) is achieved

with all configurations (see Figure 4-10 and 4-11) over the required range of

data rates.

It should be noted that results in Figures 4-, through 4-11 do not indicate

a maximum information rate limitation within the indicated range as experienced

for results obtained in Paragraph 4.1 (see Figures 4-4 and 4-51. This result is

due to the reduced phase noise floor of -153 dB rad-, Hz (Figure 4-7) for "cesium

II" and "crystal II" phase noise as compared to a phase noise floor of -1o5 dE

rad-, liz (Figure 4-1) assumed for the HT-MT modulation phase noise. Of
2,

course, if the -153 dB rad-. Hz floor persisted to higher frequencies and if sig-

naling were required at higher data rates the same upward loss trend at high

rates would be repeated.

Minimum and maximum data rates possible for the three terminal phase

noise contribution either "cesium II" or "crystal II" have been summarized in

Table S-I.

Finally, since the data in Figures 4-,, through 4-11 and Table S-1 repre-

sent demodulation losses for phase noise contributed by two terminals (no
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satellite contribution) and two terminals plus one equivalent satellite, the data

provides upper and lower bounds on expected losses. However, it is desirable 7"

to measure actual satellite phase noise to provide a more exact picture of

expected demoldulation performance losses in the Phase II DSCS.

4-.1
o1

iI
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SECTION 5 - DEMODULATION PERFORMANCE OF CURRENT
MODULATION SYSTEMS OPERATING IN THE PRESENCE OF PHASE

NOISE IN THE PHASE Ii DSCS

5.1 RADLITION INC. BPSK (MD-921 G1

Radiation Inc. has recently designed a BPSIK modem which is expected to

be operated with the following earth terminals of the Phase II DSCS:

1. MSC-46 "Upgrade"

*J 2. tT-MT 'Follow-on"

3. TSC-54.

Since each of the above earth terminals are expected to be operated with

Comtech Lab. up- and down-converters or terminals meeting the HT-MT

phase noise specifications, phase noise associated with each terminal may be

adequately described by the curves labeled modified HT-MT of Figure 4-1 and

"cesium 1I" or "cryvstal II" of Figure 4-7.

The Radiation BPSK modem has been designed with a power type carrier

recovery PLL with a fixed bandwidth B = 175 Hz and damping factor C = 1. 0.

Figures 5-1 through 5-3 have been generated to indicate expected performance

of this modem operating in conjunction with soft* Viterbi decoding in the presence

of the modified HT-MT Type "cesium II" and "crystal II" oscillator phase noise

densities. Tables D-18 through D-23 contain the numerical support for these

figures.

As in the preceding sections, data rates listed in the tables are expressed

as modulation bit rate Rmb while the data rate-, shown in the figures are infor-

mation bit rate where R,= '2 (see Figure 2-11.
ib mb

S ,ee note I of Annex.
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It may be noted in Figures 5-1 through 5-3 that a 0. 707 PLL damping

factor has been used to generate expected system performance data even though

it has been stated that the Radiation modem has a PLL damping factor of 1. 0.

This change was effected here solely to reduce the costs associated with com-

puter integration of Equation 3-10b. As stated in Jill, a considerable increase

in computation cost is rC(cuir'Cd fol" PLL daimping L:ictors bLtso(l-.s u. 707. A

comparison of curves of Figures 5-2 and 5-4 (see also Tables D-22 and D-241

indicate that only a small improvement in demodulation performance is obtained

with a PLL damping factor of 0. 707 as compared to a PLL with damping factor
of 1. 0. Although differences in performance are small for loops with these

two damping factors at the specified bandwidth, results are in accord with

expected performance from a mean squared error criterion, that is, that optimum

performance is obtained with a damping factor of 0. 707.

Perusal of Figures 5-1 through 5-3 indicate that adequate demodulation

performance (less than 0.2 dB loss) is achieved only when data rates are above

3600 bps.
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5.2 MAGNAVOX RESEARCH LAB., INC. (MRL) USC-28 BPSK SPREAD
SPECTRUM SYSTEM

5.2.1 General

MRL's USC-28 is a BPSK spread spectrum system which consists of the

following basic subsystems; Link Order Wire (L)W, Channel Data Receive

Transmit (R,'T), and a Critical Control Circuit (CCCi.

Preceding analyses in this paper have neglected demodulation losses due

to phenomenon other than imperfect carrier phase estimation. That is, losses

such as those due to imperfect PSK symbol timing have been neglected. There-

fore, as a continuation of this simplified analysis for the USC-28, losses due

to improper PN code tracking will also be neglected and only those losses due

to imperfect carrier phase estimation will be calculated.

Neglecting PN modulation, Figure 5-3 shows a simplified version of the

time and power shared configuration of the LOW and RT channels assumed in

the analysis of the following sections. The CCC is a separate control circuit

(not shown in Figure 5-5).

A complete analysis of the USC-28 from a phase noise point of view is

provided in [1). Our main purpose here will be to provide a simplified system

analysis which will provide the basis for a USC-28 phase noise specification as

discussed in the summary section and Section 6. We shall also briefly indicate

expected system performance of the USC-26 operated with the HT-MT (AN MSC-60)

terminal and the MSC-46 upgrade terminal as compared to the results described

in 111 for an improved version of the AN ASC-18 terminal.

5.2.2 Phase Noise Fffects in the USC-2s

In Figure 5-5 it is shown that the LOW channel and R-T channel operate

on a power shared basis and that carrier phase estimates are derived from the

LOW and used for demodulation of data on the R-T channel. As indicated in the

figure, two models of the USC-28 which are currently under discussion are the

5-7
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Advanced Development Model (ADMI) and the Fngineering Development Model

(FDM). For the purpose of our discussion, the difference between these two

models is that the EDM LOW has Hamming (16, 11) coding for forward error

control FEC and operates at a fixed BPSK symbol rate of 150 S!S while the

ADM does not have FEC and operates at a fixed rate of 75 SiS (or equivalently

75 bps).

The R T channel on both ADM and EDM is convolutionally encoded" and

has variable data rates, the lowest being 75 bps (or equivalent 150 S/Si.

The TDNIA duty factor switch is adjusted to provide the best power tradeoff

between L)W and R!T as a function of R'T data rate. As in preceding analyses,

to determine demodulation performance, we must calculate carrier phase

reference quality defined as the total phase error variance a--o. As before, the
2 tot

quantity o t is the sum of a phase error variance rth due to thermal noise and
tot 9

a phase error variance cr- due to the untracked portion of the phase noise
pn

process on the received signal. Since carrier phase estimates are obtained

from the LOW, the thermally induced phase error variance is easily calculated

given the LOW energy per modulation symbol 'noise density (E ms/N o I.L' LOW

modulation symbol rate (R msL LOW carrier tracking bandwidth B., and the

appropriate modulation removal loss factor TI . Calculation of the phase er-or9I
variance o-pn is, however, not as obvious here as in prior analyses. For the

pn
purpose of demodulation on the R 'T data channel, the phase error variance

2

( pn 1) is due to phase noise in the frequency band Ifn to Rms D '21 when fn is

the LOW PL. corner frequency and (R ms)D 2 is one half the R'T PSK symbol

rate. As discussed in Section 3, the upper frequency limitation is the result of

using integrate and dump filtering which effectively suppresses high frequency

phase reference estimation errors. On the other hand, the phase error variance
2

(0T 1 due to phase noise on the LOW is the result of phase noise in the frequency
pn 1.

band If n to (R ms )IL'. Therefore, if (R1 L= (R ms)D as in the lowest FDM

See Note I of the Annex.

5-9



R 'T data rate then (0L2 (-2) However, at higher R/T data rates
pn L pn D2

(Rms)D > (R ms)L which gives (cr2 ) 2! (0p so that the total phase error
msD msLpn D pn L2

variances for R/T data and LOW are such that (cr2tD >_ 2tot D tot L"

Thus, if one were to judge demodulation performance in the R,/T channel,

based solely upon carrier tracking performance on the LW, severe errors

could occur because of the failure to account for the additional phase noise in

the frequency band (Rms/ 2 )L to (RDms, .2D

5. 2. 3 Performance of the USC-28 Operating with Terminals of the Phase II DSCS

A complete analysis of the USC-2e operating with an airborne AN/ASC-18

terminal is given in [I]. The reference gives a complete description of

demodulation performance assuming that phase noise improvements are

* :made to the AN,,'ASC-18 terminal. It was shown that the most critical perfor-

mance requirements on carrier phase estimation performance (and, therefore

R 'T demodulation performance) occurred at the lowest R/T data rates, where

the phase noise of the improved AN 'ASC-18 terminal is similar to that of the

cesium I1 curve of Figure 4-7. Since the cesium 11 phase noise is expected for

HT-MT (AN!/MSC-60) and upgraded MSC-46 terminals, performance at low data

rates with these terminals will be similar to that shown in [11 for the AN,/ASC-18

terminal. At high data rates, the cesium I phase noise performance is better

than that of the improved AN, ASC-1S; therefore, at high data rates performance

of the USC -28 with the HT-MT and upgraded MSC -46 will be better than that

shown in 1I].
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5.3 RAYTHEON INC. TDMA (EDM)

5 3.1 General 
1

The Raytheon EDM TDMA currently being procured by USASATCOMA is

a burst coherent form of TDMA with a preamble preceding each dita burst

transmission which contains thc residual cairrier and bit timing referencc -

to maintain gated carrier and bit timing tracking loops in appropriate synchro-

nization, within a certain minimum mean square phase error criterion. The

frame structure and the basic carrier tracking demodulation and decoding

techniques are depicted in Figure 5-6. Figure 5-6(a) shows the TDMA frame

composed of n bursts originating from a network of n earth terminals each

transmitting a burst of data. Each burst includes guard time, preamble time,

and subbursts representing individual basebands and subburst tail-off time.

The subburst tail-off time results from the desire to share a single error

encoder and error decoder with time sequential subbursts of data. The single

encoder must be "flushed" and returned to a reference condition before

encoding the next subburst of data bits. This results in time in the burst that

is unusable for sending data. The preamble is composed of a subburst of

unmodulated carrier for carrier refereice recovery and a subburst of modulated

(a'ternate "ones" and "zeros" carrier for bit timing reference recovery. The

functional demodulator detail necessary for understanding the problem is

shown in Figure 5-6(b). TDMA frame, burst and subburst timing are deri\ed

(by other circuits not shown in Figure 5-6(bn) and made to gate tracking loops

at the appropriah wcs to jx'rmit "sampled data" burst coherent reco~er% ot

both carrier and bit timing references to enable efficient coherent demodulation

of dtata subbursts. The recovered carrier reference multiplies the modulaited

.trrit r It the appropriate times to demodulate the desired subbursts. This

r..,, is followed by matched filtering (integrate and dump) the nots data

'nalog to digital conversion (for soft decision). The soft decision

r,.1 from burst rate down to an aggregate rate and decoded by a
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5. 3.2 Impact of Phase Noi se Upon TDNMA System Performance

One of the most useful measures of system performance for a TDNMA bystemn

is TDMA frame efficiencY t given bY the following equation:

1----- (5-1~

wht'Iru T to~tal frame overhead

A I total frame duration

liowt- ~ ~i )l i rn)C o\ erhead is a tUnction of niany phlaametrs as sh~own

b% the I ol h winz equation:

n n
n nT T~ (it T (it 52

01 i PA1 TO(-2

whle re T'= guard time between bursts
g

T A i) preamble timec for i thbus

T TO(it subburst tail-off timec for i thbu rst.

It may easily be seen that network size n aind] connectivitv will have a

profound iniluen-u on frame efficiency. In addition. for networks with various

size terminals required preanibles 'I (ii (-:n be considerably different depending-

upon terminal G T. Sin(,e the- nUnibcr of pa r:inmeters which can be \,aried for

this tYpeV of SN Stem is (qU It large- and Simh C our1 main interest in this paper is to

indic-ate expec-ted demodulation lpertormahnct, of a '1DM.\ system operating in

the pre-se-nce( of osc-illaitor phase( noise, the, scope of the problem will be

restricted by. the following aissumiptions:

1. A maximum of 2-3 percent loss in frame efficienc\ is allocated to

that part ot preaImble time reserved for residual carrier tracknrqg.
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2. The preceding frame efficiency loss is to be allocated equally btetfn

20-30 earth terminals.

3. l)emodulation losses will be based solely upon a 0. 2-dB loss due to

imperfect carrier phase tracking. All other demodulation losst

including those due to symbol timing error' arc neglected ai in tht

arja1 sis ol preceding suctions.

-4. )emodulltion losses are based u pon the assumption of solt de. i-ioln

(3 bit) rate 1 2, constraint length 7, Viterbi decoding followd ,

differential decoding. From the analysis of preceding sections and

References 2 and 8, it is easily seen that carrier phase reference

error variances of approximately -15 dB and - -28 dB are required

for coded operation with BPSK and QPSS, respectively.

5. (F. R. 1200 frames per second

Assumptions 1 and 2 translate to a required duty factor of 0. 001 for

residual carrier tracking preamble time.

It has been shown that a gated PLL will behave similar to a continuously

tracking PLL if the effective loop time constant is much larger than the TD.MA

frame duration and if the gain in the gated PLL is increased by the duty factor

d -1  Mathemnatically this may be stated as:

w. 1 . 2 ( ' 1 (5-.

whe' r.

I - carrier preamble duty factor
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TF - carrier preamble time duration
CPA

and (1n, t ) are the equivalent continuous PLL (natural radian frequency

da(mping factor).

Therefore, Equation 3-10 (a, b) may be used to calculate PLL carricr

tracking error variance provided the energy per symbol to noise (L /N is
• S 0

replaced by its averaged value over the TDMA frame duration (E /No)
s 0

where (E /N - dT C/N where C is the received carrier power and
'1s oAV' s 0

T equals duration of each PSK symbol in the received burst.

Figures 5-7 through 5-12 (see also Tables D-25 through D-46) sho%'

expected demodulation performance for the Raytheon EDM TDMA system

using a 100-liz carrier tracking PLL bandwidth and optimum PLL bandwidth.

Operation is assumed in the presence of oscillator phase noise contributed

b\ two and three terminals of the following types:

1. Modified HT-MT (Figure 4-1)

2. "Cesium 11" (Figure 4-7)

3. "Crystal II" (Figure 4-7).

The reader is reminded that all references to "bits" in the tables rtlr

to "modulation bits" while in the figures the term "bits" refer to "information

bits." Thus, due to the rate of 1/2 coding, the following relationships hold.

Rib = Rmb/2

and E /N = E b/N 3 (dB)

ib o mb o

wher.

Rb Information bit rate (information bps)

R Modulation bit rate (modulation bps)
mb

5-15
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Tables S-3 (a) and b) summarize the minimum and maximum allowable

Raytheon TDMA data rates when used with possible phase noise contributions

expected in the Phase II DSCS. Table S-3 (a) shows these results when a

constant PLL noise bandwidth of 100 Hz (one sided) is used and Table S-3 A(b

shows results when an optimum PLL bandwidth is chosen as a function of data

rate. These tables (and Figures 5-7 through 5-12) show that dramatic im-

provements in performance are obtained when an optimum PLL noise band-

width is used. They also show that the additional complexity of a variable

bandwidth PLL is well justified based on demodulation improvements.

I

1

I
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SECTION ; - PHASE NOISE SPECIFICATIONS FOR TERMINALS OF Till D!C'_:

6.1 ANAIYTICAL STUDY

All of the preceding performance analyses were based on the assun,,p-

tion of a known or specified (oscillator phase noise spectral dens.itv. r3ite -o

svstem performance results depend primarily on the area under the phase

noise density curve between the PlI.1 corner frequency and the PhK ,vmbel r:t,,

it is p)ssihle to specify an infinite number of phase n(oise spectra which will

meet certain performance criteria. On the other hand, if we are ti, devisc' :,

phase noise specification that will ensure stated system performance mea-ure.

it should be remembered that the particular shape has only secondary influence

on the performance. Only the total phase noise power from the corner fre-

quency of the loop to one-half the symbol rate is of concern. Therefore, it is

logical and convenient to set standards for the maximum phase noise power in J

given band. Since most frequency sources show phase noise characteristics

f S with the exponent s ranging from I to 3, the most critical characteristic

f may be assumed in determining the frequency band to be specified. Then.

whatever the actual phase noise characteristic may he, the total phase nike

variance can be met.

Stated more ex-plicitlv, if the phase noise specification is based on an

f-  phase noise characteristic about the loop corner frequency f and if f-2

p~ha!- nrlise is actually experienced, the total phase noise variance ca:n h c

lwered relative to its specified value, provided s< s 1 . (We will prove thi-

for s-values larger than I since we can infer about s :S 1 by continuity. It

can he verified as follows. If the phase noise variance in the hand specifitcd

bY assuming f- SI phase noise equals the phase noise variance for f- s 2 phase

noise then fr)m Equation (3-31) we have
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t1 II
f S

l_ X 2 L x s > S2> 1)

s Is 2 s 1

ts- D Xs Lx - 1 X

s S

s sI s 
2 - 1 1

Since 1ht- optimum x-value for :in - . phase jitter chli racteristic is given 1y

"F 2  -s > s 9 
> 11;S, -

tht. mini mumii tot:il ph :isc noisc -i riance

0 - Lx (s), > 1

s 2 ,- s "2 ) -

L x
s-I 1 '2~1~1

is less than Gs SI L xsl for s., < s becaise the function

2 s
Cy

Sl-I

So S1
U -I

-3
is monoton and increasing for s < s I . Thus we can conclude that f phase

-1 -2
noise is mor critical than for example f or f

It follows that f(s) has these properties because the derivative of, flsi is
positive for 1 < s < s as shown in Appendix B.
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lise on lit. isms imCl ion t hat we a rv fiiced with an fA phase noist. ch ir:ie--

I e risiw C thc re sulii ug phase nflisc x ri anc from t he band f 0to ~- is g i\ ten I)\

3 f 3 (if

2f f f

vquat ing thi- with the contribution due to f_ phase noise in E~quation (11-201, it

ipisthait when us-ing a PTA, with a matched filter proce-ssor the 1I ower )):,r(!

frequency should ie et to

f0 -1. 3 
i-

FIi rt i, rmorc. if WC Set the' Upper band limit to R. 2. the phase error varianee

duc f ph:i st nois 1St' powe in the hand if oH1 2), will give an upper bound to tit-

miini mum :ichievalhle phase no ise %a riance according to Equation (3 -201 i re .a rd-
-1 - 3-

I t* of Mt t! her I t'. or f 1 1phaseL noise is (loiinat ingi

From 121 and I J it is knowvn that to prevent more than o.:-2 dB in equivaldent

p~owe'r loss, due to phase noise at the. decision point, it wvill be- necessary that

phase nloise Variance r2 o -13 d13 from BPSK and a tt- 2s dB for QPSN when

coding is- use-d. Assuming an f- phase noise characteristic, the system shOUld

be designedl such that two-thirds of the total phase noise: variance cr is LIUL

toi the phaise-lockevd loop vairiance caused by the additive Gaussian noisezt. Th:o

is-, thte eiwvalent power loss requirement tranmslates into the loop phas-e noi-t.

Y If;. 77 -~-17 d113 for BPSI\

a- -',1 77 -30~ (M1 for QPSI\

Mthit'v :wt()ritin io E( icition (:W') ~ have

2 N o1

th E It i.
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At the operation point E /N E /N 1.3 dB for rate I/2 coded IPS K
s o mbo

and ES, No - ' TNo + 3 = 4.3 dB for coded QPSK. 'urthermore, from "able

A-1 (taken from Is} the values of the degradation factor ni are given both for

deeision-feedback DF) and matched filter (MF power loop implementation.-

Thus, nth and qp we can calculate the corresponding l, B

ratio using Equation (6-7) and, using fo = B (/4.3, determine the eorrespondiu

freq(uenCtlyV specification band (f Rs 2) for a given PSK svmbol rate R . This

has been carried out and the general algorithmic structure has been prest-nt(ed

in Table 6-1 and a specific set of frequency bands was given in Table S-4 and

Fiur. S-1. Note that the power loop implementation will specify wider bands,

which means that a prescrild phase noise variance (power) requircment will be

harder to meet. (The last band for R =80 M symbols per second has been nmodi-s

fied an( CXttnded down to 23 fiL since it refers to the TDMA operation. Use of

a loop havin- a noise bandlwidth of 100 tlz has been suggested. ) 1171

Havin, determincd the frequency bands that are related to the data rates,

we must now determine the allowable phase noise power in these bands. In

T"ible 1-5 the maximum phase noise power in a particular band is given for a

set of equivalent power loss* values using the Gaussian loss approximation. Iql

The table also distributes the total phase noise contributions on twvo and three

terminals. The two-terminal case is applicable when the satellite has a ncg-

lig i lde phase noise contribution, and it is assumed that the transmitting and

receiving terminals have equal contributions. The three-terminal case assunwcs

the satellitc has a contribution cqual to one of the terminals.

An example of the use of the preceding techniques for genrating a phase

noise spceificatior is given in Paragraph 6.2. Phase noise specifications for

the AN MSC-6(i (1iT) "follow-on- and the AN, MSC-4; "upgradc are gi\ en i

I'ables I -6 and 1 -7, respectively.

*A word of caution: It is impossible to satisfy demodulation loss criteria (mini-
mum MS-) while simultaneously having inadequate carrier tracking loop cycle
skipping performance. Criteria for these parameters must also be satisfied
in any system analysis.
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6.2. APPLICATIONS

6. 2. 1 General

Terminal phase noise specification designed for BPSK systems in the

DPSCS are derived using the following assumptions:

1. Rate 1 '2, constraint length 7, convolutional encoding with soft

decision (3-hit) Viterbi decoding is used (see Table 1-5p.

2. Maximum allowable demodulation loss to the imperfect carrier phi- .

estimation is < 0.2 dB (see Table 1-5).

3. Equal phase noise contribution from terminal transmitter, terminal

receiver and satellite (see Table 1-5).

4. Conservative case; systems will use matched filter power loops for

carrier phase estimation (see Table 6-1).

G. 2. 2 BPSK System Specifications

In addition to the assumptions listed in the preceding section. specific

equipments notably the Radiation BPSK MD-921G modem have the following

PSK symbol rate limitations:

32 Ksps - 10 Mlsps

Using Trable G-I and the assumptions in Paragraph 6.2.1, the followinm

two frequency hands may be derived using the lowest and highest BPS- synmhol

rates:

(145 liz - 16 kll/.

and
(45. 5 kid/ - 5 Mll/,

That is, f, H 2 where 2 f 110.
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Using Table 1-4 note that in each of the preceding bands the total phase

noise added to any transmitted or received carrier should not exceed -2-1.5

dlB rad to keep demodulation losses, due to errors in carrier phase estim:,-

tion, < I. 2 dl. Since the above described modem may be used for any

BPSK symbol rate within the stated limits, a complete specification vuould

require additional overlapping specification bands. This composite phase

noise specification (overlapping bands) may easily be satisfied by state -f tht

art designs. Therefore a simplified, but slightly more stringent single hband

specification which is still easily achieved by state of the art techniques, i'

given by the following:

BPSK Specification

The total spurious content added to any transmitted or received

carrier, including phase noise and discrete spurious signals from

both sides- of the carrier, shall be at least 25 dB below the carrier

level when measured in a band 145 Hz to 5 MHz from the carrier

frequency.

In the preceding specification an attempt has been made to use language and

style suited to actual eqiipment specifications.

6. 2. 3 QPSK System Specifications

Techniques analogous to those used for BPSK are used to derive QP-4

phase noise specifications.

For the DSCS, QPS.K symbol rates are expected within the range-:

(32 Ksps - 40 Msps)

From Table G-I and the assumptions of Paragraph 6.2.1 a series of o\t'r-
R

lappin. specification bands (fo, Rs 2) where -- f 250 may heI dceri\d.
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Then using Table 1-4 and the same set of assumptions, the following

specifications nmi be derived for QPSK signaling.

QPSK Specification

The total spurious content added to an), transmitted or recived

carrier, including phase noise and discrete spurious signals from

both sides of the carrier shall be at least 37. 5 dB below th, carri r

level when measured in the following bands:

5 Hz to 16 Hz from the carrier frequency

20 HL to 76 kllz from the carrier frequency

200 Hz to 0. 6 MHz from the carrier frequency

1.7 kHz to 5 MHz from the carrier frequency

7 kHz to 20 MHz from the carrier frequency.

i. 2.4 Phase Noise Specifications for MRL's USC-28 BPSK Spread Spectrum

The USC-28 may essentially be treated as a modified BPSK system

after the PN sequence has been removed as discussed in Paragraph 5.2. 3 of this

report. Carrier phase estimates are derived from the LOW. Worst case oper-

ation (from a phase noise point of view) is a rate 1/2 coded LOW at 150 BPSK

symbols per second and an E s/N = 1. 3 d] (energy per modulation symbol.

noise density). If the R/T channel operates at 150 BPSK symbols per second

with an E s/N 0-- 1. 3 dB the carrier phase estimation problem is equivalent to

that for an ordinary 150 BPSK symbol rate system.

Thus the following frequency band (fo, Rs /2) derived as in Paragraph 6. 2.2

c, - 75 Hz) where /f = 110.

Using Table 1-4 and the assumption of Paragraph 6.2.1, the total phase

noise added to any transmitted or received carrier should not exceed -24.5 dB

rad2 z -25 dB rad2 to keep demodulation losses due to errors in carrier phase

estimation < 0.2 dB.

6-8
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As noted in Paragraph 5.2.3, even at high data rates the carrier phase

estimate was derived from the LOW which was constrained (in rate 1/2 code(]

operation) to operate at a 150 BPSK symbol per second rate. Operation at the
highest BPSK symbol rate (5 msps means that the effective phase noise band

is stretched to become (0.6 lIz-2. 5 Mlliz. However, operation of the 1. (-.

is such that at the high data rates so much additional power is added to the I(M

(Es N >>1. 3 dB) that losses due to thermally induced errors in carrier phase
5 0

estimation become negligible. Thus, from Table S-5 the total error variance

atot -15 d13 rad for a 0. 2 dB demodulation loss may be assumed to be

caused by untracked oscillator phase noise and distributed equally (l.3 allo-

cation or -4. 77 dB) to give -19. 77 rad2 for each of the up- and down-converters

and the satellite. Thus, the following terminal phase noise specification is gen-

erated for terminals operating with the USC-28 BPSK spread spectrum system.

Specification for USC-28

The total spurious content added to any transmitted or received

carrier, including phase noise and discrete spurious signals, shall

not exceed conditions specified in the following paragraphs.

1. Total spurious content from both sides of the carrier shall be

at least 25 dB below the carrier level when measure in a band

0.6 liz to 75 Hz from the carrier frequency,

2. Total spurious content from both sides of the carrier shall bX

at least 20 dB below the carrier level when measured in a band

0. 6, Hz to 2. 5 MHz from the carrier frequency.

6.2.5 Phase Noise Specifications for Raytheon Inc.'s Burst Coherent TI)MA

As discussed in Paragraph 5. 3 of this report the 100 HLz carrier trackino

PLL bandwidth for the TDMA system is constrained to much less than the

TDMA frame rate independent of the actual BPSK or QPSK symbol rate. The

6-9



most critical (i.e., largest) frequency band may therefore be derived by using

the highest QPSK symbol rate of 80 rsps and Equation (6-7). The TD.N1A band

is thus (23 Hz-40 MII.) orIBcp/4.3, R s/2} where B,, 100 Hz.

Using Table S-4 the following specification is derived for Q1lSK TliMA

where demodulation losses due to imperfect carrier phase estimation amr

0.2 dB.

Phase Noise Specifications for Raytheon Inc. TDMA

The total spurious content added to any transmitted or recei (I

carrier including phase noise and discrete spurious signal from

both sides of the carrier shall be at least 37. 5 dB below the carrier

level when measured in a band 23 Hz-40 MHz from the carrier

frequency.

(i. 2. S Summarv

In Paragraph 6.2 phase noise specifications have been presented for vari-

ous equipment expected to be operational in the DSCS. Since the AN, MISC-(in

(lIT) follow-on earth terminal is expected to work with all or some modified

version of the preceding equipment, all of the specifications of Paragraph

must be equalled or exceeded by this earth terminal.

Deleting all but the most stringent specifications gives the proposed

specification on phase noise for the follow-on AN MSC-60 (HT) earth terminal

show'n in Table S- r

.n 3 PHASE NOISE SPECIFICATIONS FOR THE AN MSC-4 "UPGRAD1.

Preceding derivations of phase noise specifications for the AN ,MSC-6

(HIT follow-on included all contributions to phase noise on the transmitted

or rtceived signal including the effects of the frequency standard which is thc

basic source of all frequencies in the terminal. However, the AN MSC-41;

upgrade will be based on terminal designs for which the frequency standard
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will be government furnished equipment (GFE) procured under separate

contract.

Therefore a sub-system phase noise specification must be generated hor

terminal designs excluding the effects of a frequency standard. Of course

these subsystem phase noise specifications must be consistent with total ph:isc

noise specifications on terminals with a frequency standard.

Considerable difficultY is experienced when attempting to allocate ph:i.-t.

noise between the terminal itself and its frequency standard. This diflicult,.

occurs in spite of the fact that phase noise due to the standard dominate_- at

very low frequencies while phase noise due to the terminal dominates at

higher frequencies because the crossover frequency between these two phase

noise sources is a function of very specific equipment designs.

However, discussions with both a Fluke representative and Comtech

proved that Fluke's 6160 A, AO synthesizer has a 3-pole 200 Hz low pass

filter which filters phase noise due to the frequency standard beyond this point.

'-,in(-( the Fluke synthesizer is an integral part of the AN MSC-46i upgrade

design we can state that phase noise due to the standard will dominate at

frequencis below 200 Hz while phase noise due to the terminal itself will

dominate at frequencies above 200 Hz.

The terminal phase noise specifications for the AN MS'C-46 upgravtc

shown in Table S-7 is seen to Lwe a modification of the phase noise s|eti,.IItl):

for th. AN MS(C-60 (IIT) follow-on (Table S-(;I only within the region

below 2(() tz. A comparison of these phase noise specifications in the frequcnc\

band (0 11 iz-75 ltz) indicates that the phase noise contribution due to thc

"terminal only" must be 12 dB below that due to the frequency standard, i.c.

less than 0. 25 dII additional phase noise caused by the "terminal only.' A

second band has also been derived in the same manner to cover the frequency

band (0. S lz-200 lz).
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In summary, phase noise specifications have been derived for terminal

designs which do not include a frequency standard (as in Table S-7 for thc

upgraded AN, MSC-4(). To meet total system phase noise specifications,

frequency standards must be chosen that satisfy the total specification. At

this time a complete set of phase noise specifications have not been deriv(l

for the frequency standard independent of the terminal design. Thus, for th.

present, frequency standards are bst evaluated in conjunction with a specific,

terminal design.
61
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ANNEX

NOTE 1:

In this paper the term Soft Viterbi decoding represents the follo.ing ,

of operational values.

It is assumed that rate 1/2, constraint length 7, convolutional encodinfl%

preceded by a differential encoding process as shown in Figure 2-1. On :h.

receiver side it is assumed that soft \iWrbi s-leve,) decoding is perlorPAi.

and then followed by differential decoding. The nominal BER at the sy'stenm

output is assumed to be 10- required an energy per information bit 'noise

density E ib/No = 4.3 dB. Due to the rate 1; 2 structure of the encoding proct-,

this corresponds to an energy per modulation bit/noise density E /N
mli ,0

1. : (113.

NOTE 2:

An additional degradation factor' 9 should also be included for decision

feedback loops since the phase error at the symbol decision point causes an in-

crease in the number of erroneous symbol decisions which directly change thu

loop gain by (1 - 2P sin - where P is the symbol error probability and M
s M s

is the type of PSK modulation.

Loop corner frequency f as defined by Equations (3-11) through (3-14. is pro-
n

portional to the square root of loop gain and therefore f should )e modiltcd .,-
n

f f I - 2P sin L
n n s M

F,r small values of P this effect on the corner frequency may be neglecctd.

NOTE 3:

It is assumed that the B5400 crystal would eventually be phase-locked

to an atomic standard to prevent long-term frequency drifts of thc crystal
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oscillator. However, in this report it is assumed that the bandwidth at which,

the crystal is phase-locked to the atomic standard would be considerably

smaller (< a factor of 10) than the optimum bandwidth of the receiver tracking

loops. Under these conditions the effects of phase noise in the atomic stand:,rd

may he neglected as in the curve labelled "crystal II" of Figure. 4-7 O~f cours,

the analysis in this report could easily be used to indicate expecte-d pcrfornmvn,.

should the appropriate data become available.

6A-2



APPENDIX A - PARTIALLY COHERENT NI-ARY

PSK DEMODULATION LOSS FUNCTIONS

In 161 it is shown that the variamce of the phase estimate obtained usingz

:i power loop tracking on M-AFY PSK signal in the presence of additivt, white

(:iussi:uif noise, (AWGN) is given by:

N B
(A-1,

E R
s s

wkhe re

k-I

M K IN s
77 -r Ov k 1 k ) l s cA-2

In [8) it is shown that the variance of the phase estimate obtained using
decision feedback (DYI tracking an M-ARY PS% signal in the presence of AWON

is also given by Equation .A-1l where:

E ! 4N0

I L 2P3E nsin

I - 2P sin (I

P modulation symbol error pro i:bilit\ ti. c., the probability that the s\ ml)ol

is rect,i\ed correctlv is I - P i and :dl other parameters are as defined in

-k'(tifln 2 and ,.

E a lualirn of iA-2) :and iA-:1i is provided in Table A-I for \,irious con-

fignur:itions of interest. Also sho%%n in Table A-I are tabulated loss funct lins

for symbol timing loops which have not been considered in this report.

This correction factor differs slightly from the one given in 191. The dif-
ference lies in the precise definition of loop bandidth. The above form is

preferred.

A-i



Tahlc A-1 . PeLrformance OCt ompa r ison of D)ccis ion-I Fc((11 ck :ind l~ V

Impi 01'ft iofs for M-a ry PS K 1 erno(uhLt ion

DC IS 1 -4 FEE LIACK IMP EMTF NTAT I 'N
FTAI CARPF1F PHASF FSTIMA71nN 1fOSS

ETAJ Symp4E1V T244Pr FSTIM.ATlN I SS

Irh.' r$ IMP4I FNT A 7 'N
FTA CARF~Il1k PHA-~ FSTI"ATI lflSS

FTA4 SY"Pnl TI1-1J F IATI I'S'

3.4544?F 1.19004 .45447a P.747

4 .14.92' . ItRF30' .1F -P..0

ON2.77372F- *51"19 P.77 lpr., 27'
O .2l~7E3 .331199 ?.PI137F-I l.40''4

IC 'j4-4754F-' PIIP~Q3 4.475S'4y-' .''

22 9.170'24E0 .1 344 .l-P1Pc)'

24 Cot.55907F- ' 1''

M 3 1.TI4E/syl'. '~V\*.
E*NODP FTAI ( 7? 1242( rF

-1. 5.5~ 5. 744,0.0'Q
0 .nI Ipp 4.C7~f47 .77 ,ir7

1 .79779 .41'Q 1.l"J"

-1.7 717704 ?.7Q0 71 P. I I 4a

7. 1 0

4- 11 - cl"' I~4 .101q,199

A *73 "Pa F - A A 14 LSC

3 7.0C' 72' l9l.l, ? 141A

4 1 ;1041' I C2 .12
A p.~~1 f~l' .1,4

Ow9 ;-.59IQ . Ir 7OQ -4

7 3 .317 2; 9.9A109 ?

A-.

.. . . . .. . . . . .. . . . .. . . . ... . . . .. . . . . .. . . . .



In Scction 3 of this repiort we have shownm how carrier phase estimatirm

qunilitv tMSVL could be described in terms of phase error variances which dI(--

pend Upon va rious system parameters (e,.g. , E it No t 6 (f 1, B (P, )w, et C.

In the prvccdinv we haive also summarized how the modulation removal lr --

falctor.Y Q (required in the calculation of phase error varianei may he cadcul.:ticl

for- m1:1teed filter pox~ker loops and decision feedback loops. It remains, he'. -

ex er, to indicatec how these pha1Se error variances may be translated into h -

mo1dlAion losses fronm idea performance. In [81 it is shown that for n1

(lemoIuLtion losses, the follow ing equation will provide an accuratL e Icscrj -

tion of M-:irv PSK demodulation loss L in dB versus phaise error %:iri:mfct ir

* radiaLns.

2 E 1 ~ 1  2 2(T
log.M )2- o

\k he re

nil)
- energy per modulation bit 'noise density expressed in a pure number'1.

N0 0

For BPSK and QPSK this result simplifies to:

BPSK i M 2

a I[ 4202 (1 -1 F nb) A

QPSK iM 1)

LL 84 2 (I -~ .2 Vnt) tA-6
N0 N0

A -3



andi if < < 1 the following familiar forms result:

BPSK (M 2)

1. 1. 34 C2 (dI 3iA-7i

QPSK (M -11

2-. , L 3 1 o- 1 (dB, A -

' Equations (A-4) through (A-,,) will provide accurate loss stimates wher, thc

carrier phase estimation error variance ar is of sufficiently small magnitude.

This accuracy limitation occurs because the preceding equations are based

upon an assumption of a Gaussian phase error density as being an accurate

characterization of the phase error process in a second order carrier phase

estimator. Actually it is known from [51 that even for a first order simple2

P.., the Gaussian assumption is only valid at small c- values (high signal-

to-noise- ratios) and that a Tikhonov phase error density is exact for a first

order loop in the presence of AWGN and is also a good approximation for a

second order loop. The Tikhonov phase error density is given by the following

o- exp (a Cos (A-91

where a is the PT.I signal-to-noise ratio.

Charlh- WVolfson hats assumted that a modified form of the Tikhono\ density

may be used to describe the phase error process in various power loops (i.e.,

modulation removal loop- such as squaring, quadrupling) to derive demodulation

lossv. for lMlISK and QPI)'K -;vstms. This modified Tikhono\ phase error

densitv is given by the followking:

A-4



p(Mc) M exp(aM cos(MV) /'2 1o (aM  tA-10M o M

whe re

M2a - U2
" , M

j and M is the maximum number of signal phases.
8

Since the modified Tikhonov density will approach a Gaussian density

for small ar2 (large a), losses based upon either technique are in good agree-

ment when demodulation losses are small. In [81 it is shown that results based

upon the Gaussian approximation are accurate to within 0. 01 dB when

:IE 2, 3

L < 0.66 - (dB) M 2 (A-11i

and

L < 0. 4 (d B) M 4 (A-12)

For the large loss case, it is obvious that neither the Gaussian nor

modified Tikhonov density will accurately describe the phase error process

in a modulation removal PLL. However, it is believed that the approximation

based upon the Tikhonov density will provide the most accurate description of

demodulation losses currently available. Due to the nature of the analyses

used to derive demodulation losses in 181 and (2, 71 based, respectively, on the

Gaussian or Tikhonov densities, it is believed that the former will provide

2the most accurate characterization for small losses (small (r2 } while the latter

A-5



2

will provide the most accurate characterization for large losses (large (T

Therefore, in this report a two part (large and small) loss approximation is

used to indicate demodulation performance.

In the preceding we have limited our discussion of demodulation losses.

to PSK systems which are unencoded. To access the impact of convolutional

encoding and Viterbi decoding (as described in Note 1 of the Annex to this

report) we may use the coder functional as described in [19].

That i s;

P (coding) m " min

w he re

d .- 10 is the minimum free distance of the rate 1/2, constraint 7
min

convolutional code.

Equation (A-13) implies that the net effect of coding is to increasing the

effective signal-to-noise ratio by 10 log d in the error function. Thus inmin

the Gaussian approximation to the loss function (Equations (A-4) through (A-- i the

equivalent losses for the coded case riay be calculated with an effective Eb N

(Eb N 0 Eb N 10dB.
'0eff

For example, when using the Gaussian approximation and the system

described in Note 1, and when L = 0.2 dB

2
o - 14.9 dB BPSK

2
o - 27. sdB QPSK

x 12

(X) f - e,,(-t 2) dt
-~ ./21T

The "const" in Equation (A-1) is not strictly a constant with respect to

E IN but is much less dependent than the error integral 4.
bo0

A-6
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Results using the Tikhonov phase error density as described above and

in 121 and 171 are summarized in Figure A-1.

The following convention has been adopted when plotting all of the (non-

linear) demodulation loss scales shown in this report:

When demodulation losses are less than 0.2 dB, then losses are

based upon the Gaussian approximation. When the losses are

> 0. 2 dB then losses are based upon the Tikhonov approximation.

In our 'Jew this two part loss functional with a break point at 0. 2 dB

represents the best estimate of demodulation losses currently for the coded case.

More recently in 1211, loss formulas were derived which indicate that the

coded QPSK loss functional (both large and small loss approximation) used in

this report may be too conservative. However, if new loss functionals are in-

deed proved to be more accurate than those used here (especially for QPSK ),

it is a simple matter to replot the loss ordinates of the demodulation perform-

ance curves of this report since the remainder of the analysis will remain

affected.

A-7



SUPPRESSED CARRIER SYSTEMS

"p P f) "10
- 5p I

CPUI

I
II

SO IOI

II

66 \ 0 ' ~ " *

UNCODE D
....- HARD DECISION DEMODULATION (021

-----------------------------SOFT DECISION DEMODULATION (0"8)

Figure A-I. Comparison of Degradation Incurred for Auxiliary Carrier,

Suppressed Carrier BPSK and QPSK Systems
With and Without Viterbi Decoding
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APPENDIX B - VERIFICATION OF WORST CASE PHASE NOISE ASSUMPTION 1

Verify that Equation (6-5)

2 1-1
S) s

S S > 1 )
r- 2 fs - - \ --1 (s1  s > 1) (6-5,

is monotone and increasing for (1<s sl). That is f(s) f f(s 1 when 1 < s<s 1.

That fs) is monotone and increasing may be seen from the positiveness of

the derivative of ,rf(s) (s s > 1). Now,

s1 1

so

s 2 s-i

Since (S -1) > (s-1) when (s I s > 1)

("-1 > 0,1-3

and

- > 0
s

Hence, we can conclude that f(s) < f(s 1 for l<s .s1.

B-i



APPENDIX C - EVALUATION OF INTEGRALS ASSOCIATED
WITH PHASE NOISE INFLUENCE ON COHERENT PSK DEMODULATION

This appendix presents an evaluation of the integrals

k f x - Ux x dx for k o, 1, 2, 3, 1; (('-1

t1 1

associated with phase noise influence on coherent PSK demodulation.

Although these integrals are very similar for all k-values, a closed

form solution can only be obtained for even k-values using complex integration

or residue calculus. For odd k-values we must settle for approximate

integral evaluations.

C.1 EVEN K-VALUES

For even k-values, i.e., k 0, 2, 4, we first rewrite 'k as

1. fo k-2I 1 x si -(A2txW 2

For k - ,

'22

o 2 -'( (-3

ft 2 at x

" '2 2 j l 4 il-cos "ox, di

whih. for k 2 or 4,

k - I 4 (1-cos 2oxl d.\ (C-51
2ck 2 } C-i

42



Since the integrands of all four integrals are even functions, we can evaluate them

over the inteial - - and obtain twice their values. This method makes it

possible to determine the value of a particular integral as the residue- ot it-

intclgranld. Consequently, these integrals are also availble in tables such :i

those published by [20], from which we directly obtain

f
cosin 7x 2 a

4 J ()

0

IT.4- -_ a

I c'o! 2 U\ dx - 4 e (cos 2Q- sin \ C'--
1 x

.ind, bx" letting a - 0 in Equations (C-7) and (C-S),

Jx 2f dx x dx - --- q"!
4 4 4

0

Thus we get

or IT 7, o- " r o-

I 0 - 7 12 - (cos-, - sin 2"oi

o2co

[' 1 _ .._ 2 2 o - 2 0 a 2 2 o

'2 o 40 "" " 3. .

o I" 2 a - != or" .
2 (f 2 6

C-2



1I, (cos , o sin -201
20

1 1T2 '2 4 3 2 4
2(2 4 3 4

2 -
7T \.. (1- o.~Z - o *.) (('-II,

- 3 3

:rod

S1 7 7 2- T
S (cos sin. 'Co )

2 2,) *, 4

3
S 2

b 2 - ) (C- 12
L' Cr

Ior 0<<1, ce g., ar < 0. 1, we can approximate

77. 2 C- 33
4

( 2  (1~- ( .. ) ;V

4 3

i(C- 151

- -(. .. - ...) (C-12,

4 2 or %

C.2 ODD K-VALUES

For odd k-values, i.e., k = 1, 3, we must settle for approximate

evaluations of the values of Lk. Since we desire to evaluate for small

a-values, we must first bound the integral

Is - x CLX (C
0 1,4 x|  \a /

C -3



with an upper bound

a1a

22
Xk f sin- of x (Lx

k4 6-k
() l •x o

aml a lower bound (t a <T

sin 2 a kX 4 1 2sin
k Q 4 4 " f 6-kO~ 'x1-a j- x

o a
(C- -

where the value of a will be chosen later to obtain tight bounds. The inequalities

result from the observations that

(2 2si a- si < I for0 1 0exl<jlaal! T
Cina - x -

and

4 4

Sx < 1 for x > a
- x

Of the two remaining integrals the first is elementary for k = 1, 3. Wc

have

.2L |L. = . aretan a' tC-19'

X1 dx I In (I - a 4 C-2M4 -4

The other integral can be reduced to a simpler form and expressed in terms

of the cosine integral cifx). Since

C-4
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COO

9 ~~du ((-1

,i 6-k 6-ka Q a u

,and, using repeated partial integration with c = a a,

2
sinu du I (sin sin 2 1 1 z sin-

5 2 23 6 :2 3 3Su 30 2 u

we arrive at

f i 2 u 2 sin ((-22 du - c l
of U

where

- cos u du l n(2$0 - ( 1 k
2 U k=1 2k (2k:

wid-Y- 0.577 215 ... is Euler's constant. Thus, we have an upper bound for

a 2 1 1 sin Qa) 2 I sin2aa 111 - arctan a -' - 4 -ua "6
1 2 2 4 ota 3 2u a 6

a
2 '2 1 sincta sin 2La
3- Q (-( -) in2a -ci (2aa)] -5

3 2 aa 2 a

Keeping the dominating terms for small a, we get

1 2t 1 3112 2 2 In

LA arta (A2 4 36 3
a

arctan a A -(. In 2ua -17 2 _> )(C-26

C-5



II
The corresponding lower bound for

1 sin a 2 a 4  3

1l =-I ( a ) arctan a (a4 3 ' 2 U2 In 2a...)
1- a 4 4a

(('-27j

If we choose a = 2.5, the upper and lower bound for a < 0.1 will be

within 2 percent of each other. Thus, the integral IV with good accuracy,

- ,is approximately equal to

1 0. 4- ka lnQ Q . 15 Y 0 1.825 -Ornu P<O.11
1 4 3 3

For k = 3 we have the upper bound

21 4 1 sin ka sin 2an• , tI In 0 1 - a I - ( i (2 u a i
3 4 2 Li a 2 a. a

_ 4 3 12 2
In (1 a )- 3- - In 2 Ua - -2 a 2 (C-29)4 2 6

and the lower bound

sinYa a 3 1 22
3 4 a 1 '-- n61 • a

(C-30i

Again, with a = 2. 5, the upper bound is within 2 percent of the true value of

13 for a-values less than 0. 1. Thus we have the approximation

1 2

I In- 0.235- 1.04a (CL<. 1) C-31
3-6

C-6

4l- - .1,.~,- L .a -0
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* Table D-1. BPSK Decision Feedback With liT-MT Mod Phasc
Noise (2 Terminals) (Losses-Soft DeFsion Viterbi Rate 1 '2

Decoding BER 10

1c. r T /H: HI= C I PI

H,= I- 1r ~ 4 *6-7 H!= .2 l-pr*HZI.?:

M~~~~~~d.F ~ ~ ~ ~ ~ ~ - -I VP1i * '.CTt) FHV17C N~ TH~ 1~~Zp

R' r-5P 9 19

I-(-R979 - 1 -16 _15.0791 - 17. c3CI
17 . 9& -I f . I_- 19.09311_0 O C

4R 7,. 51- -pr. f I - le3. 107 6-f' 0

19 l(, C13. -L7L - PL. -,k P -?7. 121'7-7.1 1A

1 C, q#7 .0.4 -PR.-79 13 -k..7# )I 8 9:41
79 c4 1C C IP0 rIIL .Q -23.0324.

I Fw(IrttfT1rN Lf)Fcr IHC CPj'f5I A\
i -p~.} f% T F~ pri.tlF V N < .1 1 F d.69 IT

TIKH ONOV A PPROX.

MLdE-11 FT) LOSF(IH) LOSS(TOT) LOSS (THr
F/5F CrF) (IT) (DB) (DB)

7317 >6 >6

7A12rr7.523 91F-3 1.315-3

3P7,- rr, 1.(ffI9,iT-? 037-

flr 'tion bit rat' Modulation bit rate

I--



Table D-2. QPSK Decision Feedback With HT-MT Phase
Noise (2 Terminals, (Losses-Soft Degision Viterbi Rate

Ii2 Decoding BERl 10

"11%1~ Lnn F T ANI'- \T ~crF, Fc, !r Pc

,C I LL M! L FfCI !/.L C\ff1C7 111 Cc
i - r, I.:-(e -I- C hI /'+ HI= C" |'t"

-- C,-  
- II f-r *17 HIM .7 l }-/- I t

X,',:/TY PFSY Y= 1, F FINr= 1.3 T F

Mod. . IT 1 rIF rF FH-'T ri'.C1) F1-*Tf7) F'14- PI dFN)
Hz TT I- rF

7 r r(( I -7.RZ-9 11- -9.779 71 3C, I

i'3 lg 7. c f 1-( - 4 . O r PS 81
7r r7f, '9.- If - F.' 199 -9 . R In)-P9. .e I ,

SC,7.1.,n 0 re1 -,r).g9 p --13.9091 -3,'- 1 1 ,

a9 r r" r- A| r- -, 'r"  " R .51 7 -31. 1 C I

7HCTV' C I I Q 9 .rio
( rr 1 r r I' r r t"

j prT r
v  

f-g- 1 t C fM !PTF I H Flo < . .F

TIKHONOV A PPROX.
Mod.F I1 7-,r7r * L CrT-,) Lnyt T ) LOSS(TOT) LOSStTH

7
=  

1- '9 "g' 199 > 6

I-( I .( C P 7.79[ rI >6
7. ' 9I . 9O 073 >6

I fC 2.I 7 C9 1 -. >6 6
< CC I.• " .?9sc0 7 g >6 1. 6

.9 .35
.- 17' * 17-77 .26

pp F4/; , r 1 re fC -' f . 1'; '

,0 I~ ( S 1, CC f I F -" I. ? 11?IF-? 1

I9f Cr4r r• " '77 ,/.0 i F -
7k 0 ' 2 (

- f  
,).or I . 19ql'-

]nfoirmation hit rate • modulatio, bit rate
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Table D-3. BPS!' Power Loop With HT-MIT Mod

Phase Noise (2 Terminals) (Losses-.Sgft Decision

V'iterbi Rate 1/2 Decoding BER = 10

rFy1~ IC' ~ r I r-J I THF cry I I int' I'c

-CI~f~1~tF!IPL CH(PFCIF.U S I C

H( I'-lr Pi t-7 H I= r c

Mod. H7 F1 * PH\FCTV) p-~-

V/C 1 - f1 7 E. 9 r r

ir Ix P-ifl.5799 - l.1L1 . 9 3 1

cr0c 1( P. F tP?0,7.CC7

09 Lfq\ 7..~5F 85V C'4 4 5.IPN3 9

3F-C (4 CCMp -60 10"?.M -34 C

TWIHONOV APPRO\.

Mod, I 7 Ff14 I 1,r FF( 7H4 LOSS(TCYT) LOSS(TH

> 6 > 6

fr F-3



Table D-4. QPSK Power Loop With HT-MT Mod Phase
Noise (2 Terminals) (Lo ses-Soft Decision Viterbi Rate
1'2 Decoding BER = 10

' I v ", I r' 1 V 'l 1 1 14 A l 1H) C : I I C*J 1 ',%C

p 1,-iI. I /" r. r f- - 1 I- j I' I I C.
Y4 r= I.:(l -, f " t1/-4? HIC (T 1,h

'-" -("1 }f!.u, H?= ? . ,u.

w-#Y I 
'  

.'' / py/'C= 1.' 1 "F

Mo. f( TI'h " -1f 7"if) FH-k'4, ( f ) .-H k-l 'A) F4- .4 P",

I HI rF rF
-7
t  

1 7 1I It99 - g F7 7 -7. 794- - I C . i I ?1

" -7.R71, -9.R012 -1".

3 07. d' F ; 
.

- R ? . 7 1 . 0 - L. 1

.7 00- 14. 7P9 I It.F. . -17.9CL-- 1

hi9i, '(. l .Ct'-2 -C 17. 9 1 -.19 - L.A If 4
19 (t R". f3 - C gt p O r R - to 11 7

7/-a('( 17 .l I I $ .t9 -P97.SfR9 -7 .9 ' I
3 ' -';71 .9 r AP PR .IC nt - 1 .900 Q - C " 4
IP. efI I .F. 3 ,-9 -qc .09PA -3, (9.

-'9. -33. 371k -27.8891 35. PF-'

7K(14- 1- C " InI. IlF .9 5 -44 .'44L OR -P5. 9997

C r. ; - r- Pi 4 I r, Ir" F

Si:OlrClLPTIr" LV IS. FF INC (ItF. ClN'I
F .y py i CC'i7F* .F .1 I-

T1NHONOV APPROX.

Mod. T 11 AlI * LC' 11T) LnFF 1U) LOSS(TCOT) LOSS(TH
(H) Cr!) (DBi (DR,

7
€
h f'-7. N'(' I . ,f I t >6 >6

7e >6 '6

I- r, . (A
n  

1 77,' >6 >6

I , - I 12 7: >6 '6

19-1C , 7t9937" 1.9 ."

.1R . )" 197 .5 .2

3nf-or . 17n
,
1? 7.P

2
1701F-' .13

I -,vp Cr 9 .(-rip F - 3. r'1 R7F-.
'9 I Vr !O 5 , F44 , / F - , I . 971 t ,.1 -

io(¢ -l r -(, 0.qf"'1r,7F - " 9. . 7 AP ,I - 7k

Irfi-ition bit r.3te~' modulation~ bit rate

D-4



[I Table D-5. BPSK Decision Feedback With HT-MT Mod
Phase Noise (3 Terminals) (L ,sses-Soft Decision Viterbi
Rate 1/2 Decoding BER = 10

0O1MJ' m LPrT F-PVTVII )r1!' IM *1F COFFjF.SFON1INC

PHAF-~F N1015F k'FI(CF

MOM 1.Q9T7- C I1 /H7 %41 C T.AC

H"= .01r, M117 4= .. I FPT*HZ P

M-AFY FSK ' FFr/"JCZ 2 . r r

Mod. EU1 IPU -f1TFF PH- W, P( TOT PH-VIOF(TH3 PH- T- FN

199Ot -RCIP 16. P04 -1~6 is .5 ~ f'3

C7?C31.4-13 -19.9 '94 -3PP.5212 -32.L539

19' .) C 49 . R.C -P2'1 3 2.. 159 - Pf. r,916

7r6IN8PO ' 7F. 1- C'(910 _3 .545-P

~F~fX rrP C-. FH7 _P.L9(, 3J

79 1 ' 00-,c,.CP' -; 00 1 6 .2,

CrIC c-p7f1 7.6j7- .13 <.1

9.C7V SINC CPSFP7R-

AFPR r6 CtrAF r <C P.~&t . I Ot775?CT'FONN'PP
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Table D-6. QPSK Decision Feedback With ITT-Mt Mod
Phase Noise (3 Terminals) (Losses-Sf
Viterbi Rate 1/2 Decoding BER= 0 Decision

nFlIMt'M L~flF oP~mrTHr AW THF COFF;Fs~lNDitNe

nFcCLLPTr4 SF-ECTFL CHPT-PCIFF1S1ICS

HO- I.AgF-10 FAr/HZ N-0Flpt

H~ .OI'~FAI*H7.3 . T1H'

MpyPSK M EF/NOw 1.3 [ F

Mod. FIT TrT Fi-OPT(rF) FH-JlIF('TOT) F1F-VAF('TH) PHt'PCF(M)
F/F HZ ['F HZ ['F

7 -7(' -7-P3929 -9.19174

iO l.7517L - 11. 1L29 -Is.po'S -15-3666
-i.86-1'7.219S 5.99

71 - I Or7 - 18 . 7L0R -21 .23L,'P 35
t~0 P0. 9 R77 -pp. 34RS( -P5. P5 P 5 ~L9
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nr156. 1L9 -3 1-7 IF -37. 7 1OR3P 7
digI ,-or4j 5. -' 1 -33.0989 -36.719( 3460

919.847 -P9. 768 -41 .9 1O m 30. 04 f
7811z85 R;5. 04 Pt.2P7 3 - 4 5. 0'- Id P

ccriPrCPI (n F In 10

pp p r X AI F ACCU fATF VH EN~ < .4 r -['FN O P R

Mod.F17 JF Lof-E(701) LOSF('TH) LOSS(TOr) LOS1THi
T/f CFF) crp) (DB) (DB
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Table D-7. BPSK Power Loop With H-T-MT Mod Phase
Noise (3 Terminals) (Lo 9ses-Soft Decision Viterbi Rate
1/'2 Decoding BER =10

a C~lLAT'V FFFC'C-1- CHPT-PCT-IS5IICF

H0= 1.S4QF-IC T 01 /Z 141= o EAr

ri, .0 P[.A*H7 14 . AI *HZ 2

b.PYY p~x M~= F"0-1 E

Mond. EI F lf) FT C *A PH -V AF C IT F 1- v PFC IH) PHIVhF( FN)
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Table D-8. QPSK Power Loop With HT-MT Mod Phase
Noise (3 Terminals) (Lo 9ses-Soft Decision Viterbi Rate
V'2 Decoding BER = 10

M.Fl I UTF T V-F(F lH'~Ftc1 FH-'1 F 1H) FN - VFlPN)

I f (.7 9,Le -f2 -9.21k?3 - II .E9

? ~~~~~R . fr 9 jz 13

IC N C 17. 1?-Cf0-1.17

1,4.9Ile259 >6 >6 1c

jo~~~> >6, 1. 00 1.JO51.0
19 ff- 5Z C ~ ol Z7' -P . 9c L - . 6 J7-^ . 9 1'
7A c C'1 24 197 L:1 1.F -^ .25IL
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Table D-9. Demodulation Performance - BPSK, Power Loop,
"Cesium II" Phase Noise (2 Terminals)

1Losses - Soft Decision (3 biti, R=J, K=7, Viterbi Decoding a BER=I0 5 1

'Information bit rate e - modulation bit rate

IT b' 7T. - t .- ),,,r;

1 t,r )VT I L I L r,L ' r

F. a 1) r, b l. 1C 7 '17

V t

r, r*D rAC It,-V- " lr7

7 71 k7~

7 , q 0 . 7 -?k . 0,1 -n 1 r,3 -II. -. tf-7 7

7 ?llV T CA -; 7 L1-1 P , r - IP A

W 
. 

.W ' .107- .h P I ,W .1 4 7

I ) ' q." .• 7r 1 . ') -P .A ?! A4 . rn

1 . n,, a| In. oc- c. tjn"47 , c ) 1@ 6 
. 

.' . q ., "
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Table D-10. Demodulation Performance - QPSK, Power Loop,
"Cesium Ir" Phase Noise (2 Terminals)

{Losses - Soft Decision (3bit), R=l/2, K=7, Viterbi Decoding at BER 10- 5

*Information bit rate - 1/2 • modulation bit rate.

V "'A .'Tr.-C-C w'(. ' T' .rITA *

A. t; v 0c r ,=

P 7-r ,. Ir 7 7 IC ?7 - . .- , - .V

I t 1C"' ( . 1 - .,,, - .CC A ''. 3;-

U- VUL I - V A*j,

rA7o , r 1 .7 P7 = Io

7.. -1 I IC(T T) I

l(MC rl. "VIT ' /I'9 ") I..'1 I'. 1

'ln n . 1 7.' ". , t .rP .I - - '1

F~~~ -,-''" -f I (

7I4$~1?'f. * r.;, ) ) * . l*-
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Table D-11. Demodulation Performance - QPSK, Decision Feedback,
"Cesium 11" Phase Noise (2 Terminals)

{Losses - Soft Decision (3 bit), R=1/2, K=7, Viterbi Decoding at BER 10- }

*Information bit rate = 1/2 • modulation bit rate.

f C I" T F I( AC M T I r"

Ihvp - Pr . L 7 1, .r / . 7.?, 7J . l 7 
" 

--u*. 
7  
1 r

(MF,,* Tr, /T ¢a C ,-, ( ,.r"
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? *?2'-1 * r 71 Q 7 I
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q - 0A 1 1 , 
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, -1 , Q 7 7 7
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Table D-12. Demodulation Performance - BPSK, Power Loop,
"Cesium 11' Phase Noise (2 Terminals and 1 Equivalent Satellite)

11.Oss.. - Soft Decision (3 bit), R=J, K=7, Vtterbi Decoding BERf10-51
* Information bit rate = i , modulation bit rate

Pm cF %IALI f CF , V t ' h T'AT

.j n7?nr. l-.p -?7.'.7 . -v :. !l"-1.--

f T I r TMI93 'T I .j -A - I

P(),,,~
l  

no T LI j ]Y'. I T !I

f A-AD I W. r r,' 7P ) n 7

7 , ru r)4~~T I- )

"(~~~~ 7() - I P a . )"w . h
e  "n a n''€

I ,P n n ," 7 I]" n . -7x,7Q -?7

7' A ,"o . 1 7. m - ?7L, 7r ? 7 6~' -?h

SA k r , .) () . C, P , 2 4 . OP .I.., . '
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Table D-13. Demodulation Performance - QPSK, Power Loop,
"Cesium II' Phase Noise (2 Terminals and 1 Equivalent Satellite)

~Lohses - Soft Decision (3 bit), R-1, Kft7, Viterbil Decoding @ BER= 10 5 1

*Information bit rate modulation bit rate

A F. y PCW ~

IF )1/N\

rP nh ,ATrIn. Oc.F ?. 2 n;) . 7-4

In7?ofi -I(C~ I *I . (' r ,7 )o- 17

4,Q ~ ~ ? I U, r ., . /7 1 1 *r)I - 4 14- 7 1 ,'
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Table D-14. Demodulation Performance - QPSK, Decision Feedback,
"Cesium 11" Phase Noise (2 Terminals and I Equivalent Satellite)

jaDsses - Soft Decision (3 bit), R'i, K-7, Viterbi Decoding 0 BER - 5 1

'information bit rate j modulation bit rate

h CS V A-)Tt r, , W r, Tt AT

'rC1C Oi ' FFcrp r o* -PI F " T Z6TTr

r&.OPTkC FCTn *7r71 n
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Smn . .,T1 rr 1 r /,r-71 ( 1 1, )

1fl7?f.. r P 6 *4')* 1 aA *"4| -C')

T>, 7; ,-. F - n I ,- A
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Table D-15. Demodulation Performance - BPSK, Power Loop,
"Crystal II" Phase Noise (2 Terminals and 1 Equivalent Satellite)

1Loasae - Soft Decision (3 bit), Rf, K=7, Viterbi Decodirig BER-10 5 1
* Information bit rate modulation bit rate

t,046 1 vt Ik-CV

rA'L T' C, i:A " _- ,7,

" 4 r•] ''(7 *l ¢ 7- ..-4 ( /(r - & ) 2 . :. --I .r,

CF (W4 1 ( 1 )Z kC [)I* 7 I

0T L DT " 7-.
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Table D-16. Demodulation Performance - QPSK, Power Loop,

"Crystal Ir" Phase Noise (2 Terminals and I Equivalent Satellite)

1Loases - Soft Decision (3 bit), R=j, K=? , Viterbi Decoding ( BER-I 0 5 1

%information bit rate modulation bit rate

a • 
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Table D-17. Demodulation Performance - QPSK, Decision Feedback,
"Crystal II" Phase Noise (2 Terminals and 1 Equivalent Satellite)

Laos* - Soft Decision (3 bit). R=J, K=7, Viterbi Decoding BER-10-51
Information bit rate - modulation bit rate

4~ A r \0I-Al- "(' \if - o i'' J T

Apy pc'T"' 4A

rlwPTllT F P I-t = .7 7jl 17

r1A T:c TPCr'L *7"7fTl7D'
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Table D-18. Demodulation Performance - Radiation, Inc.
BPSK With Modified HT-MT Phase Noise (2 Terminals)

(Losses - Soft Decision (3 bit), R - 1/2, K = 7, Viterbi Decoding at BER 10-5

LOOP F'ANENITH ANI 1HF CCFISI-ONLIN(-r
FHASF NOISE V*AFIANCF

OSCILLAIO. SPFCI-.AL CHAI-ACTF1iIEICS
HP- I.26E-10 JwAD/H7 H = 91 T.A0
H2= .01 PAPOH7 H3- .2 hAL*H? Y-

'-AIY FI5X M- 2 FP/No, 1.3 Ub

MOD. BIT RATE BW (MF) FH-AR(I1OT) FH- VAh) I FH-VAF F
HP/5 H Z 1: Lk LF

I 0e 175 -(1.2b19 -8.P9215 -35.65 5
480" 175 -14.281 -14.3127 -35.f55P
192@0V 175 -2V.207? -2P.3333 -35,6"(t
76801 175 -25.86,4 -2e-.3539 -35.5@3L
307PPO 175 -3P.6P57 -3P.374S -35.3612
122880e 175 -33.0Pf-i -38.3951 -34.5711
4915PP 175 -3P.393R -441.4157 -3P.356
1961TP08 175 -PM.1k35 -5V.43f3 -29.P95
7 5f63POP I71, -PP.8163 -5f.i5 -PP.S|K9

COUIING SENsIV Iy GAIN= IV& W8

CEMODULAIION LOSSES USINS GAUSSIAN
APFROX ARE ACCUhATF WHFN< . I16j9 DE

MOD. BIT RATE* LOSS(701) LOSS(IH) Tikhonov Approx.
(E/S) (LF) ([A-) Loss (tot I Loss (Th

(dB) (dB)

1201? 1.93446 .643e94 >6 >6
480 .243479 .160774 1.65 1.65
19200 4.66991L-2 4.01934E-P <.1 <,1
7680im 1.6A415L-2 1.4 03F-P
307200 3.9193[-3 2.51PP9E-3
122880P 2.15719-3 C.28022E-4
4915200 2.7P216E-3 1.57PP5F-4
1966080? A.7PM9?-3 3.92514jE-5
78f43P0 P. 4P91- 3 - 9.912P8F-6

Information bit rate modulation bit rate
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Table D-19. Demodulation Performance - Radiation Inc.

BPSK With Modified HT-MT Phase Noise (2 Terminals 4 1

Equivalent Satellite) (Losses - Soft Dgcision (3 bit), R = 1/2,

K = 7, Viterbi Decoding at BER = 10

L00 -ANLWIL1H ANL 1HF COFRESFONLING

IHASF NOISE oAhIANC

OSCIIL.AIOP SP-ECThAL CHAJ, ACIFh,1S7ICS

H. I.9 9F-10 IAL/HZ. HI. P FAL

H2= .115 AL*H? H3. .3 IALSH?7 1

F-AFY FS) . P FP/N@- 1.3 DP

MOD. BIT RATE* BW (MF) FH-VAF"(TOI) pH-VAH( TH) FN-UAF(FN)

P/S H? DF L I- CP

12or 175 -S.P8022 -R.PQPI5 -33.@979

4801? 175 -14.265P -14.3127 -33.6943

1921o 175 -2e.1455 -20.3333 -33. 79'

768 175 -25.6384 -2f.3539 -33.9P25

3072CP 175 -29.934 -32.3745 - 33. 6PV 2
1228810 175 -31.75P4 -38.3951 -32.61PI

4915200 175 -3P.4185 -44.4157 -3p.5951

19662822 175 -26.4312 -5P.4363 -26.448b

78643200 175 -21.56 -56.4569 -PI.4573

COLING SENSIVITY GAIN- Ie r4F

VIEFOODULATION LOSSES USING GAUSSIAN

AFFFC( AIE ACCURIATE WHEN< -116469 I'

MOD. BIT RATE " LOSS(TOT) LOSS(TH) Tikhonov Approx.

(F/S) (DF) (DP) Lose (tot) Lose (Thi

1291.93741 f~43C94 >6 >6
480F .2446f6 .1609774i 1.65 1.65

19Pmp 4.74446E-2 4.01934E-2 '. <.1

768,P I.2P8i6AF-P lI•L0a83F-P

3P729P d.466Ik-3 P. 5!9F-3

12288PO 2.9265PP-3 6.28V2P-4

491520f 3.98954f-3 1.57PP51-4

1966089p .810174 3.9P514F-5
71150 3pl6A .037632 9.812b /F-f

Information bit rate = modulation bit rate
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Table D-20. Demodulation Performance -Radiation Inc.
BPSK with "Crystal 11" Phase Noise (2 Terminals)

{Losses - Soft Decision (3 bit). R - 1/2. K -7, V'iterbi Decoding at BER a 10-

PHAF~ VAP.1Ak'CFS V-. DATA PATF *

Ni-APY PcS,' M=?*1 FR/NnjO j* ) S~
-~ POWF,', LOOP p4PLFMFNT iON

CUAMPINC, rACYOP= *7 n7 1n7

QM L P9-VAP(TOT) PH-VAQ(TH.) DN-VAP(PNI
(MOf* 9R1C,/SEC) (H47) (B-PAD**?) (V)R-QAD**2) (08-PADO?l

1200. j7' .0on -8.2772 -B.?922 -32.9209
4800. 175.000 -14.249S -14..3128 -?66

19?00 . 175.000 -20.0714 -20.3334 -23A476P00. 175.000 -2r,.2754 -26.3540 -31.8511l
307200. I175.000 -28.5923 -32.3745 -30.q474

1228800. 175.000 -30.0330 -38.3952 -30.7174
4915?00. 175.000 -30.5170 -44.4157 -30.6977

I "Nopon . 175. n0n -30.65n4 -50.4363 -30.690,3

DODlILATION I O1;c VS., DATA PATE

0,1Nj14u-FPEF DISTANrE OF CODF=10.0
DEM0D11LATO111 LOSSESc USITNG GAIMSIAN
APPPOX. APE ACCUPATE WHEN < .116469 OR

TIKI4ONOV APPOOK.

RL LOSS,(YnT) LOSS(T4) I nlSS(fTOT) L0SS,(TWI

(Mon. 917q/s-Et) (H7) (MS (D81 (M8 08p

..8n0. 175.000 .2C)?0F.00 .24'71E.06 1.fQ 1.55
I14200. 1 7S. 00n .4878F-01 .4559F-01 <.I C.1
7#%800. 175.060 .1343F-01 .1039F-01 <.I 4.1

307?00. 1 7;. 00 0 .6172E-D? .21533F-OP <.I C.1
1228800. 1?75. 00 0 4'369F-op .6293F -03 '.1 <.I
4915;2nP. 1715.000 .3Q02f-n2 .1571F-03 <.I C.)
1QAA0s00. 17r,.000 .3783F-02 .3976F-04 '.1

Information bit ralte 1/2 aDdulation bit rate
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Tablv D-21. Demodulation Performance - Radiation Inc.
I3PSK with "Cesiumn H" Phase Noise (2 Terminals)

i -Oss&e - Soft Devcision (3 bit), R *1.K-7. Viterbi Decoding at M. R m 10

PiiASF vAwd1AkCFI Vc. OATA QATF

E/F-^0 1.3 rN-

POwFQ LOOP TmPLFmFN~TATjON

PAMPPT~r FACTOP= *7n7)07

PM L PH-.VAP(TOTI P64-VAP(TH) P..4-VAQ(PN)

12(10. 175.000 -P.2697 -8.2Q2? -31.1509

1920f). 175.000 -19. 94C;4 -20.3334 -30.627t,
768on . 175.000 -2'.8fl -26. 3540 -3n.084S
In7?Ao. 17r.O00 -27.'.77A -32.3745 -29.1773

1??PRAn. 17S.000 -?R.'.7Q3 -3-9.395? -2496

491Cf00. 175.000 -2p.so0-5 -44.4157 -28.92Ar-
19'6R0.17;. 000n ?.9~ -50.4363 -S9S

DFAAWflhLATI0 ' LOc;, V~c:* fATA PATE

MN!mim-FPFF nlcTANCrF OF CODF=10.n
0EM~n0ULAT1Ok LO',5FS 11JSINC GAIMISSAN
APPPOx. AWE AMCUATE WHEN < .11A46Q r)"

TIK"lONOV APT'Pnx.

PMp L4 Or,-(TflT) LO5;r,(TH) tS(707~tS('

L IQ?n00. 17c;.nn .5040FE-01 *&55QF-01 I. I.
7# Ann . I 7S'.nn . 1499-0 1 .1039F-01 I. I.

307P00 . 1 75.0on0 *7958E-n? .?533F-O? I.

1??RAfl0. 175.000 .6?R8F-0? .S?93f-03 I. .

4Q152nA . I17S.00n SF?3f-07 1S *IF -01 (1

1 qo~fliA0. 17C. floO *'7n3F -0? .1926F -04 .1 .

Wnormatiol bit rate I 2 modulation bit rate
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Table D-22. Demodulation Performance - Radiation Inc.

BPSK With "Crystal 11" Phase Noise (2 Terminals and 1
Equivalent Satellite)

'Lstb- "Oft f-cislkon (3 bitl, k - 1 2, K 7. Viterbi I)ecoding at Bt-H -1

P"AcF V*AW1A CFC, V'. flATA LWATF*

POW;F0 tOOP TMPLFmFNTAT!ON

CAAPTNC, FACTOP= .7n7107

RLd PH-VAP(TOT) PH-VAP(TH) PH-VAQPN0)
imonfl, MTS/cEr) (H7) (DS-PAD**?I (06E-pAfl..?J O8-PAD021

l?0 7r,.00 -R.29n? -8.29?? 4 .4?
80. 175.000 -14.30?'. -14.311? -40.5349

19?00. 175.000 -20.2775 -20.3334 -39.21r-7
76A0o0. 175.000 -?E6.0O01 -26.3540 -37.06fO0

307?00. 175.000 -10.3307 -32.3745 -34. 58#'0

1??PROO. 175.0n0 -3?.704 1 -38.395? -34.071Q
4915200. 175.000 -33.64q0 -44.4157 -409
1c~'0nOn. 17S.000 -33.9?PI -50.4363 -406

h.r)rw(n0LATTrOP t0Sc Vc,. DATA PATE

MIN.TMIM-FPFF OISrTANCE OF C0DE=10.0
DFmrriltATIOP.' LOScFq UrTNG GAtJMSTAN
APPPCOV* APf ACC(IP*1'F WMHF#J < .116469 04~

T1KHONfV APP001.

tM R 0c"(TOT) LOSS(T") Lncr,(TOTI L0Sq(TN
(MODl. P1T4S/cEr) (H7) (DR) (DR) (DR) (~

I N) (. 175,.000 .?p?SE.01 .2024F*01 0'.

i1n) 7S.000n .?479E.00 .?4?1F-b00 1.57
39200. 17S.000 .40 ?5F-l1 .'.559E-01 C'. I,3
?ospno. 17S.000 .1130E-01 .1039F-0I C.1 <.I
307?0n. 17S.000 .40?6F-0? .?533F-02 -1.1
1??Agnn. 175;.000 .2346F-0? 06293E-03 -(. 1 1.1
d4915200. 375*fl00 .Ieft5E-0? .1S?1F-03 C.
16OflAn0. I17S.000 .176?F-02 .3926F-04. .

OInformatioc bit rate 1 '2 modulation bit rate
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Table D-23. Demodulation Performance - Radiation Inc.

BPSK with "Cesium 11" Phase Noise (2 Terminals and 1

{josseb - Soft Ih-ci1on (3 biti, 1 1 ~ K 7, \iterbi Dvh:coUng at 13F R I hI)-

P-,ACJ VAQJ V C;: CY, DATA WATF

PflWFO LOOP 1MPL~mIfNTAT!0k

DAMPINC FACTOO= .707107

OU R Ps4-VAP(TOT1 P.4-VAP(TH) PHl-VAP'(PN)

(mon. AfTS/ZEC) (M7) tDP-QA0*?) (Dek-QAD**?) (OB-PA06*

1921)(. 17S.000 -20.?49g -?0.3334. -37.4.509

76pno . 171;.000 -?'5.8330 -26.1S4.0 -3c;. 3O

ln?00. 17,. on n _29.S79?2 -32.371-5 - 3 ?. 8 110

jtn. 175.000n -31.34S4 -38. 395? - 3?. 2996'

49 1 C2? 0). 175 .00 3?.0001 -164.41 r7 -226

1qpn0A~0A. 175.00n -3?.IP3 _-50.4363 -221

r)Fwriq AT 100 Ot; VS,. DATA PATE

omjNTmip&_FPFF DISTANCE OF CODE:10.0

DrFaODIIL*TIOP, tOSSFr, liIN GA1uSSIAN

APP~0X. ACIF ACCUDATF WHFN < c 33#'q~ 064

TIKt4ONOV AP0OO.

(IPR OCC(T0Tt iL SS Tw) Ln"SSTDT) LOSS(IT-

(M* RITS;/CEr) ("47) (rIP D) (DR) (DR)

I ?nn. 1 7c5. 000 .*2?6'F -0 1 .?O?46F.0I ),. 6

4(n. 175.000n .?,R3E.00n .?471 E. - n IQ l.15

1920n. 175.00 * 56F -01 .4559 -0 1 -.1'.

7An. 1 7S.0On00 I76F -01 .10 39F -0 1 .

I M . 1 7S. Onn *4ASRF-0O? .?S33F -n? <.1 I.

I ??FPn n . 1 75,0 .On 3?[1AF-O? .0,293F -03 < .I.

&q91S?nn. 171).000 *?70S3F-0? .*I571F-A3 ~.)
17r,.000 *?64SF-07 .39?6F-0' .3'.

information bit raW 1 mnodulatiol bit rate
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Table D-24. Demodulation Performance - Radiation Inc.
BPSK with "Cesium 11" Phase Noise (2 Terminals and I
Equivaleni S.atellittj), PLL Damping 1.0

~Lsv,-Soft Decisionl (3 biti. R - I L1. K -7, viteribi 1)tecoding at fit H I')

P*4ACF VAI-1AF~ vc. nATA QATF*

M-hAPV PS9' vz

POWFQ LOOP 7MPIAmtNTATION

rPA.PIN(, FACTOP= )*Af()f00

AL ~ PH-VAP(TOT) Pm-vAP,-.) PH-VAQ (PN)
("'(n. Q17cS/'EC) (H7) (DB-wAD..21 (DR-QAr~..?) (08-PAL,..?)

4Ann. 17S.000 -14.2070 -1'..31?8 -30.393?
19?nfl. 17r5.000 -19.9043 -20.3334 3j#q
768on . 175.000 -?4 .69% 1 -26.3540 -29.67RO

107200. 17C3. Ono -27.25vO -32.374r7 288G
1'?A900. 175.000 -?R.1944 -38.3952 -29.6.301
4915;?lf. 17c.00n -28.4991 -44.4157 ~ A~1
JQAAog800. 17q.000 -?.R1 -50.4363 -A60

D)FLurWrILAT10* i oSS, vr, nATA PATF

,k1"r1&-FPUF NrTANCF OF ronflf>1.O

fFMODIILATTO L0SSFS 1151NC, G60rSSIAN
.APPOnX APF ACCIIQATF w-'Fkj .11646Q fnw

TIKH-ONOV APPPOX.

QMW c~S(Tr'fl LOS S(T'H Ln4lc5TOfl i0tc5)Tw)

1200. 175.000 .?0,64F -0 1 .?024E.n1 ),6.)A

4A00* 1 75.000 .?55j3F.00 .2471F -00 1 .7A 1 .C5

IP7S?nO. I 7;.Onn .9398F-fl? .?S33F-01? C.1 I.

I QAOOo 17 . Ono .6116F -02 .19?6F-04 I. I.

Informaition bit rate I modulation bit rate

D-24
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TAlIC D-25. De modulation Performance - Raytheon Inc.

BPSK TDMA With lIT-NT Mlod Phase Noise (2 Terminals)

!,Los,,vs - Soft D(ku ision (3 bit), R=l 2., K=7, V'iterbi IX-coding L

~F -~'.~ -'4 N! 1'HF C~MhkISV- \!1IJ

*~-,k 1'iF~ -54 = Fb/\(O: 1.3 14.

lop It 397

-'(V-. 13 -Z. f, i- 2 19- j

t,rPNC SFWIIVI TY p I)F

rv~ru~ .W I IIFMSFzS USI --AUSST y

Txkjuozw Approx

ko.II F t-1r L ~$T 17)1 Ll5S1 ) Loss(Tcti Loss (Ili,

( F-~) H- C t')(DBI (DBI

a.1 t7) 7I A 2L
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Table' D-26. Demodulation Performance -Raytheon Inc. QPSK
TDNMA With I-T-MIT Mod Phase Noise (2 Terminals)
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Table D-27. Demodulation Performance - Raytheon Inc. BPSIK
TDMA With "Cesium II-Phase Noise (2 Terminals)

ILosses - Soft Decision 3 bit), R=J, K=7, Viterbi Decoding C BER-10-51

I T1. L
- r U T I L.

fr.uT . F(1 L- , /71 C 7

74?7

I' * r'~.1i.1..47t1 ,. ( , ' r, t, 9.7.710

.' ,, -?., 10, P PQ . 7 7 ./Q

"Information bit rate * modulation bit rate

D-27

7 ,,



I II

Table D-28. Demodulation Performance - Raytheon Inc. BPSK

TDMA With "Cesium ll"Phase Noise (2 Terminals and 1 Equivalent Satellite)
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Table D-29. Demodulation Performance - Raytheon Inc. QPSK
TDMA With "Cesium H1" Phase Noise (2 Terminals)
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Table D-30. Demodulation Performance - Raytheon Inc. QPSK

TDMA With 'Cesium 11" Phase Noise (2 Terminals and 1 Equivalent Satellite)
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Table D-31. Demodulation Performance - Raytheon Inc. BPSK
TDMA With "Crystal II" Phase Noise (2 Terminals)
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Table D-32. Demodulation Performance -Raytheon Inc. BPSK
TDMA With "Crystal H1" Phase Noise (2 Terminals and 1 Equivalent
Satellite)
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Table D-33. Demodulation Performance - Raytheon Inc. QPS<
TDMA With "Crystal II" Phase Noise (2 Terminals)
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Table D-34. Demodulation Performance -Raytheon Inc. QPSK
TDMA With "Crystal 11" Phase Noise (2 Terminals and I Equivalent
Satellite)
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Table D-35. Demodulation Performance -Raytheon Inc. BPSK
TDMA With HT-MT Mod Phase Noise (2 Terminals)
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Table D-36. Demodulation Performance - Raytheon Inc. BPSK TDMA
With fIT-MT Mod Phase Noise (2 Terminals and 1 Equivalent Satellite i
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Table D-37. Demodulation Performance - Raytheon Inc. QPSIK
TDMA With H-T-MT Mod Phase Noise (2 Terminals
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Table D-3S. Demodulation Performance -Raytheon Inc. QPSK TDMNA
with T-MTMod Phase Noise (2 Terminals and 1 Equivalent Satellite)
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Table D-39. Demodulation Performance - Raytheon Inc. BPSK
TDNMA with "Cesium I" Phase Noise (2 Terminals)
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Table D-40. Demodulation Performance - Raytheon Inc. BPSK TDMA with
"Cesium Il" Phase Noise (2 Terminals and 1 Equivalent Satellite)
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Table D-41. Demodulation Performance - Raytheon Inc. QPSK

TDMA with "Cesium 11" Phase Noise (2 Terminals)

Phase Variances vs. Data Rate
at Optimum PLI. Bandwidth-
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Table D-43. Demodulation Performance - Raytheon Inc. BPSK
TDMIA with "Crystal H1" Phase Noise (2 Terminals)

Pha- Variances vs. Data Rate*
it Optimum PLI. Bandwidth
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Table D-45. Demodulation Performance - Raytheon Inc. QPSK
TDMA with "Crystal II" Phase Noise (2 Terminals)

A Phase Variances vs. Data Rate'
at Optimum PLL Bandwidth

0, -A . I ' ..z

* TI f r)lI'yy 9- ft TOw '' |J (' 
(

A1 LIt I AC ,~ Y r ~ Aj UW 7 ,IF
. #,i r TI G flII " T I - . fF r 7

(k,,nn , F:I TT(;/rF( L'k-) W-' i? 
I  

(I)k-'? A )002) (rit-dA'DG v?)

l?7 rO. ) f1 } -T.2, 5 -31 AL,77 -30 .66 -

d-col S nn. I . 7-.,4 -30.31 0O -35.7471 -31 .7t('%1

7b4A'3?nn. 0,..74 -3?.31iq;2 -42. 3033 -32. '5)0-
314,Q,7?Hr~r. 7,,,: - ;o -'*3. 7%t,41 -33.307?

DFr) ,I tI L AT T )t t Ocr'r  VC.° 0 TA -ATF
AT' OPTIM ANfo-l.r-

cN-.k1lT~vlT
v  

r.,IN (,-) = .

Ot -1 1;I1 1 usI C TI Tr(,A A -
h~fA 00 (Ix. 6w a4 ~C C 1 4 T ~ <'- . (I o t, n-.4

0 Wit, I r~TI L (SS, r,
(Wr). 'A I TS/,4 ) (I'?i I

1.0 7?or . 6t 31W
I 

. 7bt -nf* 0 I %,4f4* -iLO

I.J ?? 1( . . II7, I . . II V -0n . l -111

(1, 1:Po ac / , . 0, A. ? . 0|? f -Al 7% 6 1 0 7

#Information bit rate • modulation bit rate

ILossen - Soft Decision (3 bit), H = R . K = 7, Viterbi Decoding 0 BER 105

D-45



Table D-46. Demodulation Performance - Raytheon Inc. QPSK TDMA with
"Crystal 11" Phase Noise (2 Terminals and 1 Equivalent Satellite)

Phase Variances vs. Data Rate*
at Optimum PLL Bandwidth:
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